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INTRODUCTION

In the pursuit of materials inherentlymapable of operating at temperatures above
approximately I00 C (or approximately 2000F), for the numerous and critical
applications which are found in aerospace equipment and vehicles to an ever increasing
degree, the materials community in NATO has quite generally turned to the four
refractory metalsf niobium, molybdenum, tantalum and tungsten, and their alloys.
Graphite has been the major additional material. It was natural, therefore, t1 t the
Structures and Materials Panel of the NATO Advisory Group for Aerospace Resea rh and
Development (AGARD) select these metals for high priority attention a few y rs ago,
graphite having been covered in a separate Panel program.

The Panel Refractory Metals Program has embraced a number o j1ojects: a
"state-of-the-art" survey in NATO; the definition of sa' problems; the development
of a basic research program tc cover certain area-s- publication of an AGARDograph
covering activities and recommendations program; the preparation of an
extensive bibliography, etc. Fr ;1of this work, there has emerged an accumulation
of data considered worthy istribution to and potentially useful to many others
than those who have been ore intimately associated with this program.

Thus it developed that this volume was prepared containing physical, mechanical,
chemical, metallurgical, f~rication and miscellaneous data for the above-mentioned
refractory metals and their alloys. tince it is, in a sense, a spin-off from other
objectives than that of deliberately mpiling a complete materials handbook, no

claim is made that it is complete; and She format that has been chosen was dictated
both by a desire to present the data in practical, convenient form and by a

Slimitation in th£ '•ffort that could be devoted to it. On the other hand, every

attempt has been made to obtain reliable data, to have it confirmed by a number of
sources and to have it up to date as of May 1964 to the maximum degree practicable.

Many people from many countries have contributed data to this publication and many
have reviewed various portions of it. To these, the Panel is extremely grateful.
The basic tasks of accumulating these data, searching the literature, preparing a

bibliography* and compiling the final document were performed by M. Robert Syre,
Assistant-Manager of the Pdchiney Company in France. To him the Panel extends its
sincerest thanks and appreciation,

N.E. PROMISEL
Chairman, Materials Group

1 August 1964

A more comprehensive bibliography will be published shortly by AGARD.iiI



INTRODUCTION

Dans leur recherchp de matdriaux intrins~quement capables d' 6tre utilise's & des
tempdratures supdrieures i environ 1.000 0C, pour les applications nombreuses et
essentiell,;s que l'on rencontre en nombre toujours croissant dans le domaine des
v4hicules et dquipements spatiaux, les constructeurs de la communaut4 de l'OT4N ont
fait appel d' une fagon tre's ge'nerale aux quatre metaux r~fractaires (niobium,
molybde'ne, tantale et tungst~ne) et i leurs alliages. Le graphite a e'te un au~re
mat4riau considdrd comme important. Ii fut donc naturel que le Panel des Structures
et Mat~riaux de 1' Advisory Group for Aeronautical Research and Development (AGARD) de
1' OTAN, choisisse -,es m~taux il y a quelques anne'es pour leur accorder une attention
prioritaire, le graphite e'tant consid~re' par ailleurs dans un programme s~pdrg du
m~me Panel.

Un certain nombre de Proj ets ont e't mis sur pied dans le cadre du Programme des
M4taux R~fractaires: une revue de la situation g~ndrale dans l'OTAN; la d~finition des
probl~mes les plus cruciaux; le d~veloppement d'un programme de recherches de base dans
certains domaines; la publication d'un premier Agardographe comprenant, entre autres,
un rdsum4 des travaux de recherches de base d~ji effectu~s et des recommaudations pour
leur poursuite dans le futur; la pr~paration d' une importante bibliographie, etc...

Ii est re'sultd de tous ces travaux une accumulation at un regroupement de renseigne-
ments qu' ii a dt juge4 opportun de faire connaitre at qui pourront 4tre utiles & t-us

ceux qui nWont pas 4t associ~s de tr~s pr~s 'a ce Programme.

En consd~quence fut entreprise la prdparation de ce volume qui contient las donnides
relatives aux propri~t~s physiques, me~caniques, chimiquas, m~tallurgiQuas, etc. pour
les quatre ma'taux rdfractairas et leurs alliages. Du fait que, dans un seas, ce
travail est la r4sultante d'autres objectifs que celui d'una compilation de'liber~e d'un
manuel tr~s complat, il ne pretend pas comporter tous las de'tails possiblas, et la
forme qui en a 4te' choisie a 4t dict~e, 'a la fois par le d~sir de pr~senter las
renseignameats d'una fagon simple et par la somme de travail limit4e qui pouvait 6tre
accordde i ce sujet. Capendant, tous les efforts oat e4t4 faits pour obtanir des
renseignements valables, les faire confirmar par de nombrauses sources et les avoir i
jour au ler mai 1964 dans le plus grand nombre des cas.

Beaucoup de persoanes de nombreux pays ont. fourni des rensaignemants pour cette
publication, et beancoup en ont revu. divers chapitres. La Panel laur an est extr~me-
meat reconnaissant. Las travaux de base (rassemblenent de ces reaseignemants -

recherches dans les publications - pra~paration d'une bibliographie succiacte* - com-
pilation du document d4finitif) furent effectue's par M. Robert Syre, Sous-Directeur
du C.R.M.C. de la Compagnie P6chiney (France). Le Panel lui adressa dgalement sa
reconnaissance et ses remerciaments los plus sinc~res.

N.E. PROMISEL
Prdsident du Groupe des Mate'riaux

ler Aoith 1964

*La bibliographie comp1lte sara publi~e ult~rieuremant par las soins de 1'AGARD.
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REFRACTORY METALS AND THEIR ALLOYS

R. Syre

CHAPTER I - NIOBIUM AND NIOBIUM ALLOYS

1. PHYSICAL PROPERTIES OF NIOBIUM METAL

1.1 Atomic Number: 41 Atomic weight 92.91 Group V A

1.2 Crystal Structure

Body centred cubic (no transformation point) lattice constant 3.3004 R at 32 0F;
atomic diameter : 2.94 A.o

1.3 Density

0. 31 ib/iri.

1.4 Melting Point

4475•OF.

1.5 Vapour Pressure

Temp. (1F) 2550 2900 4000 4500 4600 5430 8900 $

mnHg 1x10- 13  1xlO-10 1 x 10-5 6 x 10-4 1 x 10-3 1 x 10-2 760

1.6 Specific Heat

0.064 Btu/lboF - increases linearly with temperature up to 0.080 at
2600oF.

1.7 Thermal Conductivity

30 Btu ft/h ft 2 OF at 320F - increases linearly with temperature up to 41 at
11700F.

1.8 Thermal Expansion

Absolute coefficient of expansion at 32°P: 3.8 microinch/in OF
Average coefficient of expansion betwee- 70oF and TOF: 4.05 microinch/in OF

for T - 570OF

4.47 microinch/in OF

for T = 2200oF

(linear variation with temperature)

General equation: LT = L7 0 (1 + 3.805 x 10-6 x T + 2.52 x 10"'o x T 2) (T in OF).



3

METAUX REFRACTAIRES ET LEURS ALLIAGES

R. Syre

CHAPITRE I - NIOBIUM ET ALLIAGES DE NIOBIUM

1. PROPRIETES PHYSIQUES DU NIOBIUM NON ALLIE

1.1 Numdro Atomique: 41 V'.tsse atomique : 92,91 Groupe V A.

1.2 Structure Cristalline

Cubique centr° (pas de point de transformation) rdseau : 3, 3004 A 200 - diamdtre0I
atomique : 2,94 A.

1.3 Densit4

8,66 g/cm3.

1.4 Temp4rature de Fusion

2.468°C.

1.5 Tension de Vapeur

Temp. 0C 1.400 J 1.600 2,.200 2.470 2.540 3.000 •4.927

uHg 1 x 10- 1 3  1 x 10-10  1 x 10- 5  6 x 10-4 1 X 10- 3  1 x 10 2  760

1.6 Chaleur Spdcifique

0, 064 cal/g °C A 0°C - croft lindairement avec la temp4rature pour atteindre

0,080 1 1.400 0C.

1.7 ConductibilitA Thermique

0, 125 cal/cm s 0C A O°C - croft lindairement avec la tempdrature pout atteindre

0, 168 A 6000C.

1.8 Coefficient de Dilatation Lindaire

Coefficient de dilatation absolu & 0°C 6,89 x 10" 6 /°C

Coefficient de dilatation moyen entre 20 0 C et T°C : 7,30 x 10"6 pour T = 3000C

8,04 x 10"6 pour T = 12000 C

(variation lindaire avec la temperature)

Equation gdndrale LT =L2 (1 + 6,892 x 10-6 x T + 8,17 x 10"1o x T2 ) (Ten °C).
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1.9 Electrical Resistivity

16 microhm-cm at 32 0 F, increases linearly with temperature.
40 microhm-cm at 1100 0F.
64 microhm-em at 2200OF.

The temperature coefficient of electrical resistivity per OF is 0.0022 (0 to 11000F).
Residual resistivity: 0.15 microhm-cm at 20 0 K.
Superconductivity first appears at 80 K.

1.10 Absorption Cross-Section (Thermal Neutrons)

1.1 barn/atom.

1.11 Spectral Emissivity:

0.374 for an average wavelength of 6500 A, from 2200 to 40000 F,

2. MECHANICAL PROPERTIES OF NIOBIUM METAL

2.1 Typical Analyses

The purity of niobium depends on the method of production (carbothermic reduction,
etc.) and how it is consolidated (powder metallurgy, arc melting, electron beam
melting). Typical impurity contents (in ppm) are*'

Original Sintered Arc melted Eaectron
product product product beam melted

product

Oxygen 1000-8000 100-200 500-3000 20-50

Nitrogen 200-500 50-100 100-500 20-50
Carbon 400-1500 100-200 200-800 20-50
Hydrogen 100-800 5-10 30-100 1-5

Iron 500-1500 300-800 200-500 20-50
Silicon 500-1500 50-100 100-200 10-20
Titanium 200-500 50-100 100-300 5-10
Magnesium 100-200 10-20 50-100 -
Tantalum 50-2500 50-2500 50-2500 50-2500

The tantalum content depends on the quality of the ores and the degree of Nb-Ta separation
achieved in the chemical processing.
(Some early productions of Nb had a high Zr content).

Ii
jt

mmlm I____mm • •
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1.9 R•sistivitg Electrique

16 microhm-cm A 0°C, croft lindairement avec la tempdrature.
40 microhm-cm i 6000C.
64 microhm-cm. A, 1.2000 C.

Le coefficient de temperature de la rdsistivit4 glectrique est 0,004 par °C (0-6000 C).
La rdsistivitt rdsiduelle est 0, 15 microhm-cm i 20 0 K.
La superconduictivit4 apparatt A 80 K.

1.10 Section de Capture (Neutrons Thermiques)

1,1 barn/atome.

1.11 Coefficient d'Emissivitg

0,374 pour une longueur d' onde moyenne de 6. 500 A a 1. 200-2. 2000 C.

2. PROPRIETES MECANIQUES DfU NIOBIUM NON ALLIE

2.1 Analyses Courantes

La puretd du niobium d4pend de son mode de production (riduction - carbothermie,
etc.) et de son mode de consolidation (m4tallurgie des poudres - fusion A l1arc -

fusion par bombardement dlectronique). Les teneurs moyennes en impuretds sont les
suivantes (en ppm):

Produit de Apras Aprhs Aprbs fusion
depart frittage fusion arc ilectronique

Oxyg4ne 1.000-8. 000 100-200 500-3.000 20-50
Azote 200-500 50-100 100-5100 20-50
Carbone 400-1. 500 100-200 200-800 20-50
Hydrog~ne 100-800 5-10 30-100 1-5

Fer 500-1.500 300-800 200-500 20-50
Silicium 500-1.500 50-100 100-200 10-20
Titane 200-500 50-100 100-300 5-10
Magndsium 100-200 10-20 50-100

Tantale* 50-2. 500 50-2. 500 50-2. 500 50-2. 500

La teneur en tantale depend essentiellement de la qualitg des minerals et de la separation
Nb-Ta plus ou morns poussee.
(Les premitres productions de Nb contenatent de fortes teneurs en Zr).

K-a-I~lllml lliiml -Ri
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2.2 Tensile Properties at High Temperature
(Mean values)

70nF 11000F 1475OF 1800OF 2000OF 2200J F

worked 95% Annealed(a)

0.2% yield
strength (kpsi) 26(b)- 4 3  83 17 14 12 9,3 -

Ultimate tensile
strength (kpsi) 36 (b)- 6 0  86 46 43 26 16 10
Elongation (M) 2 0 - 4 0 (b) 5 18 25 38 43 45

(a) 1 hour at 2200°P. (b) electron beam melted.

It should be pointed out that niobium metal is subject to strain-ageing within
the temperature range + 575 to + 925 0 F; the intensity of the effect varies according
to the quantity of interstitial impurities present (especially oxygen and hydrogen).
Additions of titanium, zirconium or vanadium delay the effect until 1300-1550 0 F.

2.3 Tensile Properties at Low Temperature -

Ductile to Brittle Transition

Metal which has been electron beam melted and recrystallized (02: 0.015%;
N2: 0.005%; C: 0.004%; Ta: 0.18%) gave the following results under tensile test on
unnotched specimens:

Temperature (oF) 70 -150 -240 -330 -420

Ultimate stress (kpsi) 36 54 80 104 150
Reduction of area (M) 95 90 93 70 2

In accordance with the general law, the transition temperature is increased by
rapid mechanical testing, notching, recrystallization grain size (recrystallization
in itself has no effect) and the impurity content - particularly interstitials and
esrecially N2 and H2 . The effects of nitrogen, hydrogen, oxygen and carbon are
,.,own in the following table.

Transition temperatures (7F) in tensile test (Reduction of area)

Nitrogen Hydrogen Oxygen Carbon

ppm u- M u- nochd pm u- noced p n

ppm noh ppm notched ppm notched notched Ip' notched

100 -330 20 -330 -330 150 -330 -330 1500 -330
200 - 20 200 +160 +210 500 -150 + 30
500 +180 400 +210 +300 1300 + 10 +120
600 +210 2500 + 90



II

7

2.2 Caracte'ristiques Micaniques en Traction i Haute Teupgrature
(Valeurs moyennes)

II

200C 60000 8000 C 9800C 1. 0900C 1 00
Etat Etat 1. I0I"I

I mI

recuit(a) icroui 95% Etat recuit(a)

Limite dflastique
A 0,2% (kg/mm 2) 18 (b)- 3 0  58 12 10 8 6,5 -

Charge de rupture
(kg/mm2) 2 5 (b)- 4 2  60 32 30 18 11 7
Allongement(%) 20 - 4 0 (b) 5 18 25 38 43 45

(a) 1 h a 1.2000C. (b) mdtal fondu par bombardement 4lectronique.

A signaler que le niobium non allid prdsente le phdnom~ne de strain-aging dans
la zone de tempgrature + 300, + 5000 C, plus ou moins marqud suivant Is quantitd
d'impuretts interstitielles (et spdcialement oxyg6ne, hydrng~ne). Les additions de
titane, zirconium ou vanadium repoussent ce phdnom~ne vers 700-8500C.

2.3 Caractdristiques de Tractivn li Basse Temparature -

Transition Ductile-Fragile

Pour un mdtal fondu par bombardement dlectronique et recristallisd
(02 = 0,015% - N2 = 0,005% - C = 0,004% - Ta = 0,18%), on obtient en traction sur
•prouvettes lisses:

Tempirature (*C) 20 -100 -150 -200 -250

Charge de rupture (kg/mm2 ) 25 38 56 73 105
Striction (M) 95 90 83 70 2

A

Suivant la loi g~ndrale, la tempdrature de transition est augmentde par la vitesse
de I'essai mdcanique, i'entaille, le grosseur du grain de recristallisation (la re-
cristallisation proprement dite n'a pas d'effet), la teneur en impuretds, particuli~re-
ment interstitielles, et plus spdcialement H2 et H Le tableau ci-dessous montre lea
effets de 1' azote, de 1'hydrog~ne et (Au carbone.

Temperature de transition en essais de traction (striction) (°C)

Azote Hydrogane Oxygene Carbone

non non non nonentan ea ppm entaild "'s' tip entailli ppmPPS entailli PP entai ent ill eniaiý W

100 -200 20 -200 -200 150 -200 -200 1. 500 -200
200 - 30 200 + 70 +100 500 -100 0
500 + 80 400 +100 +150 1.300' - 10 + 50
600 +100 2.500 + 30

__ __ __ __ _
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Transition temperature (OF). Influence of type of test

Low strain rate on Notch impact test
unnotched specimem (absorbed energy)
(reduction of area)

Arc melted -330 - 20
Electron beam melted -350 -240

For recrystallized metal of average purity (e.g., 02: 0.015%; N2 : 0.01%;
H2: 0.001%; C: 0.01%; Fe: 0.08%; Ta: 0.2%), the average ductile-to-brittle transition
temperature may be said to be in the region of -240 to -320OF in a tensile test on an
unnotched specimen.

Figure 1 compares the behaviour of the various refractory metals:

L.L

-0 W-

o_ -
.4 U

40- 1-.- -
-40L200 0+200 +600 +1000 temp2F

Fig.1 Transition temperature. Low rate,
tensile test. Unnotched specimen>1

= • ' - n• = • mnm •mnmunmmmn • ____n__________=
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Temnpe'rature de transition (0C). Influence du type d'essai

Traction lente sur Flex ion par choc
e'prouvette lisse Eprouvette entaille'e

(striction) (e'nergie absorbee)

Nb fondu A P'are -200 - 30
j ~Nb fondu par born-

bardernent giectronique -210 -150

2 Ii$

Pour im rndtal recristallisd de puret4 mayenne (par exemple:
0 2 =O0,015% -N. = 0,01% -H 2 =0,001% - C =,01% -Fe= 0,08% -Ta =0,2%) on pent
dire que la tempdrature de transition ductile-fragile noyenne est de 'ordre de
150/-1950C en essai de traction non entailid.

La Figure 1 donne une comparaison du comportement des diff-rents mdtaux rdfractaires.

80-eo

C_ 4160-

5I0 0
Fig.1e t r terederasitu deutraitionle-ragide traon/ lentde

-15/-15° enprtr e rniin essai de traction nonentaile

sur eprauvette lisse

La F~e done ne ompraisn d coporemet ds dffgrntsmgtux gfrctares

1 so i

____________________ /
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2.4 Hardness

Hardness is strongly affected by the impurity content (see 2.8) and by cold
working (see 2.9).

According to temperature, hardness varies as follows:

Temperature (OF) 70 750 1100 1470 1830 2200 2400

Vickers number 85 78 69 33 22 16 8

2. 5 Young' s Modulus

j Temperature (OF) 70 750 1470 2200 2500 3700

E (106 psi) 16 15 14 13 11.5 8

(Static Young' s modulus measured under argon atmosphere on bars of electron beam
melted and recrystallized metal - 02: 0.01%; N2: 0.005%; C: 0.005%; H2 : 0.001%).

2.6 Fatigue Strength

Rotative beam tests at 107 cycles give a fatigue limit on annealed metal of 30, oor -

at room temperature. The figure varies somewhat according to the amount of cold .

2.7 Creep Properties

Depends mainly on purity.

2.7.1 Stress-Rupture Data

On recrystallized metal (mean values):

Temperature Stress (kpsi) for a life of
(OF) Ih 1oh lOh

1625 20
1800 18 17 16
2000 14 13 12
2100 - - 10
2200 7 6 4

IiI



2.4 Dureti

La duret4 est tr~s fortement influencde par ia teneur en impuretds (voir 2.8) et
par 1'dtat d'4crouissage (voir 2.9).

En fonction de la tempdrature, la duretd varie comme suit:

Temp Jrature (*C,) 20 400 j600 800 1.000 1.200 1.300f

1uedVces 85178 69 33 221 16 8

2.5 Module W Elasticit6 en Traction____ ____ ____

~E (kg/rn2)1120 1.0 9.0 9.0 8.0 5.0

(module d' 41asticitd statique mesurd sous argon, sur barre de mdtal fondu par
bombardement dlectronique et recristallise' - 02 = 0.01% - N2 = 0,00.5% - C = 0,05% -
H2 =0,001%).

2.6 Rdsistance A la Fatigue

La r4sistaace A la fatigue en flexion rotative 1 107 alternances est de 21 kg/rn 2

1 200 aur mital recuit. Elle vanie peu en fonction du degrd d'gcrouissage A froid.

2.7 Rdsistance au Fluage

Elle Udpend fortement .e la puretd.

2. 7.1 Rupture Diffe're'e

Sur mdtal recristallisd (valeurs moyennes):

TempgatureCon trainte (kg/mm
2) donnant

Te pe ra ur une durge de vie de
10) h 10h 100h

880 14
980 13 12 11

1.090 10 9 8
1.150 7
1.200 5 4 3
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2.7. 2 Creep Stress

On cold worked bars:

Stress Time needed (in hours) to obtain an e longation of

(kpsi) 0.1% 0.2 1 01

at 13000F 2.2 300 1600 - - -

4.2 200 550 1500 - -

6.5 180 500 1100 - -

at 1830°P 6 - - - 24 -

1 0 . 7 4 0 .-..
17 - - - 1 4

2.8 Effect of Impurities (Oxygen and Nitrogen)

2.8.1 Effect on Propertieq at Room Temperature
(Annealed metal):

Oxygen 0.2% yield Ultimate Elongation
strength tensile
(kpsi) strength (kpsi) (%)

0.02 30 47 35
0.04 44 54 29
0.10 70 90 17
0.20 80 100 17
0.28 90 115 15
0.32 98 133 12
0.37 106 133 10
0.41 109 134 9

2.8.2 Effect on Properties at High Temperatures
(Annealed metal) - Ultimate tensile strength (kpsi)

Temperature Oxygen (7)

(°F) 0.02 0.04 0.06 0.08 0.10 0.12 0.14

570 43 65 88 - - - -

930 40 46 50 54 57 62 68
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II2. 7.2 Fluage

Sur barre 4crouie:

Contrainte Temps (h) pour obtenirunallongement de

0, 1% 0,2% 0,3% 1%0 2%

A7000 C 1,5 300 1.600 - - -
3 200 550 1.500 - -

4,5 180 500 1.100 - -

,1,.O0 0 °C 4,2 - - - 24 -
7, 5 40 ... .

12 - - - 1 4

2.8 Influence des Impuret~s (Oxyg~ne - Azote)

2.8.1 Effet sur les Caracte'ristiques ' 20°C
(Mdtal recuit) •

Oxygene Limite Charge de AllongementO%) 6lastique rupture

(%) (kg/mm2) (kg/mM2) (%)

0,02 21 33 35
0,04 31 38 29
0,10 49 63 17
0,20 56 70 17
0,28 63 80 15
0,32 69 95 12
0,37 74 95 10
0,41 76 96 9

2.8.2 Effet sur les Caracte'ristiques & Haute Temperature
(Mdtal recuit) - Charge de rupture en kg/mm2

Tempe- Oxygine (%)
rature
(0C) 0,02 0,04 0,06 0,08 0,10 0,12 0,14

300 30 45 62 - - -

500 28 32 35 38 40 43 48
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2.8.3 Effect on Hardness at Room Temperature (Annealed metal):

0' (%) 0.02 0.03 0.05 0.1 0.2 0.3 0.6 0.75

Vickers

Number 6U 87 100 160 200 240 300 350

02 +N 2 (%) 0.07 0.5 1

Vickers

Number 100 250 300

See also Section 2.3.

2.9 Cold Working, Stress-Relief anti Recrystallization

2.9.1 Cold Working

Mechanical properties improve according to the amount of cold work, whereas

ductility is impaired (see 2.2). The following effect on the Vickers number is
observed:

Cold-working o(a) 20 40 60 80 90
percentage w

Metal No.1(b) 85 120 140 150 160 165
Metal No.2(c) 55 90 110 130 145 155

(a) recrystahitzed. (b) powder metallurgy. (c) electron beam melted.

The effect of cold working on properties at high temperature is also favourable

up to about recrystallization temperature, but that temperature is lowered by cold
working.

2.9.2 Stress-Relief

Cold worked metal is relieved by heat treatment at 1375-1600°F (1 hour) or
1700-1800°P (15 minutes).

2.9.3 Recrystallization

Maximum softening and plasticity are obtained from fine-grain recrystallized
metal. The purer the metal, and the greater the amount of cold working, the lower
the recrystallization temperature becomes:

Degree of cold work (%) Recrystallization temperature (OF)
20 2300-2500
50 2000-2200

85 1830-2100
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2.8.3 Effet stir la Durete' a 200C (Mdta1 recuit):

0 2 M% 0,02 0,03 0,05 0,1 0,2 0,3 0,6 0,75

Vickers 60 87 100 160 20 240 300 350

02 N 2 () 0,07 0,5 1

Durete'IVickers 100 250 300

Voir dgalement Section 2.3.

2.9 Ecrouissage - Restauration - Recristallisation

2.9.1 Ecrouissage

Les caractdristiques mdcaniques augnentent en fonction du degro' d' dcrouissage A

I ~froid, taridis que la ductilite' diminue (voir 2.2). La duretd Vickers est affectdee

d* d'ecrouissage % O0a) 20 40 60 80 90

Mdtal I(b) 85 120 140 150 160 165
Mdtal 2'e) 55 90 110 130 145 155

(a) Recristallise'. (b) Me'tallurgie des poudres. (c) fondu par bombardement elec ronique.

L' influence de 1' dcrouissage sur les caractfgristiques & chaud est dgalement
favorable jusqu' au. voisinage de la tempe'rature de recristallisation, mais cette
tempdrature est abaisse'e par 1l'dcrouissage.

2.1.2 Restauration

On obtient tin adoucissement du mdtal dcroui pour des trai'tenents thermiques
750-870 0C (1h) ou 930-9800C (15 min).

2.9.3 Recristallisat ion

L? adoucissement et la plasticitd maximum sont obtenus pour un m4tal recristallisd
Agrain fin. La temp4rature de recristallisation est d'autant plus basse que le

m4tal est plus pur ou plus dcroui:

Degre' d'4crouissage Tempe'rature de recuit (0 C)

20% 1.250-1.350
1:0% 1.090-1.200

______________-85% 1. 000-1. 150
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Generally speaking, the normal recrystallization heat treatment is given as
2100 to 2300OF (1 hour).

Higher annealing temperatures produce:

- coarsening of the grain, where there has been little cold working before annealing
(critical cold working):

Grain size (mils) after 5%. cold working and annealing:

Annealing temp. (OF) 2200 2400 2600 3000 3600

Grain size (mils) 1.3 8 12 24 28

- general coarsening of the grain:

Grain size (mils):

Cold- Annealing temperature (OF)
working

(%) 2200 2400 2600 3000 3600

50 1.6 2 2.8 6 12
80 1.3 1.6 2 4 10

95 0.6 0.6 1.3 2 8

3. CORROSION BY GASES, CHEMICALS AND
LIQUID METALS

3.1 Resistance to Oxidation

Oxidation rate of niobium in air at various temperatures:

Held at indicated temperature for 16 hours
TempeatureWeight

TemperatureOxygen Surface loss gain(FOygnTotal (gain h
(OF) penetration by, scaling (miTs (mg/cm2 h)

(mils) (mils)

1000 4 - 4 6.5
1200 4 - 4 6
1400 12 - 12 20
1600 31 46 77 48
1800 39 47 86 41
2000 >96 49 >145 36
2200 >440 - - 87

10 hours only.
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En gdndra1, le traitement thermique normal de recristallisation sopare a

1.150-1. 2500C (1hi).

Pour des tempdratures de recuit plus dlevdes, on observe:I

W dune part, tin grossissement du grain en cas de faible dcrouissage avant recuit

-II

(4crouissage critique):

Grosseur du grain (en microns) apras dcrouissage de 5% et recuit:

T'de recuit (O) 1.200 1.00 1.450 1.5 200

Grosseur du grain 30 200 300 U00 700

I -d' autre part, tin grossissement g~n~ral du grain:

Grosseur du grain en microns:

Ecrou is- Tempe'rature de recuit ('C)
sage

() 1.200 1.300 1.450 1.650 2,000

50 40 50 70 150 300
80 30 40 50 100 250
95 15 15 30 J 50 200

3. CORROSION PAR LES GAZ, PRODiJITS CHINIQUES,

METAIJX LIQUIDES

3.1 Rdsistance A 1' Oxydatiom

Vitesse d' oxydation du niobium dans 1' air A diffdrentes tempdratures

Maintien 16h h la t0 indiqu~e'

mI

Teinpe'rature Pe' netrat ion Recess ion de Gain de poids
(Qde 1 oxyg~ne la surface Total (nzg/CM2 h)
C)(microns) (microns) (microns)

540 100 -100 6,5
650 100 -100 6
760 300 - 300 20
870 775 1.150 1.925 48
980 975 1.175 2.150 41

1.090 >2.400 1.225 >3.625 36

1.200 >11.000 -- 87

* loh seulement.
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Niobium oxide Nb 205 is relatively stable and does not begin to melt until 27000 F,

but the diffusion of oxygen leads to scaling, progressive deterioration and
* brittleness. Protective coatings are necessary for temperatures of more than 15500 F,

but failure of the coating does not produce catastrophic deterioratior, as it does
with molybdenum.

Figure 2 shows a comparison of the oxidation rates of the various refractory
metals:

I0

01-

0,01 w 'l• •gO• temp. F

1100 1500 1900 2200

Pig. 2 Oxidation rate of refractory metals in air

3.2 Resistance to Water and Water Vapour

Niobium does not behave particularly well in water or water vapour at high
temperature and up to 900OF its mechanical properties are not better than those of
Zircaloy 2.

II

S• • • nnm • • naru • • •I
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L' oxyde de niobium Nb2O5 est relativement stable et ne commence A fondre qu' A
1.4800C. Cependant, la diffusion de l'oxyg~ne conduit & tin calaminage, A tine attaque
progressive et & tine fragilisation. Des rev~tements protecteurs sont n~cessaires
pour des tempdratures supdrieures A 8500C, mais la rupture du revftement n' amane pas
A tne ddgradation catastrophique, cosine dens le cas du molybdbne.

La Figure 24 donne tine comparaison de la vitesse d' oxydation des dif fdrents mdtaux

010

0.1-

600 800 1000 1200I ~Fig. 2 Vitesse d' oxydation stir mdtatix refractaires dens 1' air

3. 2 Rdsistance 1 1' Eau et i la Vapeur d' Eau

I ~Le niobium ne se comporte pas particuli~rement bien dens 1'eau on la vapeur d' eau.
I ~A haute tempdrature et Jusqu' A 5000C ses caractdristiques mdcaniqties ne sont pas

supdrieures A celles du Zircaloy 2.
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3.3 Resistance to Various Chemicals

On the whole, niobium's resistance to corrosion is much the same as that of
tantalum (see Chapter II, Section 2.10.2), but niobium is always found to be less
resistant than tantalum which may sometimes be completely inert. In cases where
tantalum is insufficiently resistant, niobium is weaker still. The coefficient of
absorption of the hydrogen released by reactions is always greater for niobium than
for tantalum. This results in unacceptable brittleness at an earlier stage: the
higher the temperature, the greater the brittleness.

3.4 Resistance to Liquid Metals

Na - K - Li: niobium is highly resistant to these three liquid metals up to at
least 18000F, provided that they are not contaminated by oxygen and that the metal
itself has a very low content of interstitial impurit4 es. (The reaction to liquid Li
at 8200 C be-"mes considerable when the metal contains more than 250 ppm of oxygen).

Hg : no reaction up to at least 1200 0F.

Pb no reaction up to at least 1475 0 F.

Bi : no reaction up to at least 1000 0F.

Sn : very good resistance up to 11750 F, but at 14750 F the metal is subject to
severe corrosion.

4. FABRICATION

4.1 Welding and Brazing

The welding properties of niobium are excellent, either by the TIG method
(provided that all necessary precautions are taken to avoid contamination of the
metal) or by the electron beam method. The welds are as ductile as the base metal.

The following technique is generally used for brazing niobium to other metals-.
electro-plating with Cu or Ag on both the metals to be joined, followed by the
usual processes.

4.2 Forming

Annealed or slightly cold-worked niobium can readily be fashioned cold in all
kinds of operations. Slight heating does not make working easier but is likely to
make the metal brittle by contamination in air. If the metal becomes over-hardened
by working it can be softened by heat treatment in vacuo.
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3.3 Rdsistance k Diffdrents Agents Chimiques

Dans 1'ensemble, la tenue A la corrosion du niobium est assez voisine de cello du
tantale (voir chapitre II, Section 2. 10. 2), mais '3ependant on constate touj ours
quo le niobium rdsiste mains bien quo le tantale (qui reste parfois absolument inerte)
ou, au mieux, de faqon dquivalente. Dans les cas oA le tantale rdsiste mal, le
niobium rdsiste encore plus inal. En outre, le coefficient d'absorption de l'hydrag~ne
ddgagd par les rdactions est beaucoup plus important pour le niobium que pour leI ~tantale. Il s'ensuit donc tine fragilisation rddhibitoire plus rapide, et d'autant
plus marquee quo la tempdrature est plus dlev~e.

3.4 Risistance aux Mdtaux Fondus

Na - K - Li: le niobium rdsiste bion jusqu'A au rnrins i.0000 C A cos trois mdtaux
fondus, & condition que ceux-ci soient non contaminds par 1' oxygbne et quo le mdtal
lui-mdbie contienne do faibles teneurs en impuret4s interstitielles, (I,'attaque par
Li fondu A8200 devient notable lorsque le m~tal contient plus do 250 ppm d'oxyg~ne).

Hg :pan d'attaquo jusqu'A au mains 6400C.

Pb pan d'attaquo Jusqu'i au mains 8000C.

Bi :pas d' attaque Jusqu' A au mains 550 0C.

Sn :tr~s bonne rdsistance jusqu' A 630 0C, mais A800 0C le mdtal subit une
corrosion sdvare.ý

4. FABRICATION

4. 1 Soudage et Brasage

La soudabilitd du niobium est excellente, soit par la mdthode TIG (A condition
d'op4rer avec toutes los pr~cautions requisos pour no pan contaminor 1e mdtal), soit
p~ar bombardoment dlectronique. Les saudures saint aussi ductiles quo le mo'tal do base.

Pour le brasage du niobium A d' autros mdtaux, on utilise on g~no'ral la technique
suivante: dlectroplacage do Cu ou Ag sur los deux metaux A relier et branage par les

pracode's habituels.

4.2 Mise em Forme

Le niubium rocuit au l4garement dcroui pout ftre facilement travailld A frail densI ~tous les can d'ape'ration. Un chauffage, m~no le'ger, n'am~liore on noen la facilit4
do travail, mais risque au contraire do fragiliser le m4tal par contamination par
1'ai~r. Si le travail derouit trap le me'tal, on pout pratiquer des recuits inter-
m~diaires d'adaucissement saois vide.
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4.3 Machining

It must be remembered that, especially in the annealed state, the metal is soft ana
clings to the tools, behaving in this respect rather like annealed copper or even
lead. The following requirements shouli be borne in mind:

very sharp, high speed steel tools;

high cutting speeds;

generous lubrication (with carbon tetrachloride (toxic fumes) or special fluids
for delicate machining operations).

light finishing cuts are not as good as reasonably heavy cuts.

Subsequent surface grinding is practically impossible, especially on annealed metal.

5. NIOBIUM ALLOYS - PURPOSE AND COMPOSITION

5.1 General

Investigations of niobium-base alloys in recent yearz have varied in their
objectives as follows:

1st Phase: improvement of resistance to oxidation, a line which has unfortunately
met with little success to date,,

2nd Phase: substantial improvement in mechanical properties at high temperatures,
usually to the detriment of other properties (plasticity, weldability and ductile-to-
brittle transition temperature); these are "first generation" alloys and include:
D31, D41, P48, F50, Cb74, Cb7, etc.

3rd Phase: Improvement of mechanical properties at high temperatures, but with due
regard to properties such as: weldability (Sheet Rolling Program of the US Department
of Defense), ductility, weldability, moderate resistance to oxidation, suitability
for taking coatings, possibility of nuclear applications, etc. These are "second
generation" alloys, such as: D14, D36, D33, PS85, B66, B77, AS30, etc.

Working solely with a view to improving mechanical properties at high temperatures,
two lines have been very strongly developed: solid solution strengthening and

dispersion hardening, or a combination of both.

5.2 Solid Solution Strengthening

The factors involved are: degree of solid solubility, differences of atomic
diameter and electronic configuration, coefficient of diffusion (which is dependent

on melting point).

1*-
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4.3 Usinage

Pour les op4ratitons d'usinage, il faut tenir compte quo 1e mdtal (surtout A l'4tat.

vue, du comportement du cuivre recuit ou m6me du plomb. Les principes ci-apr~s

peuvent 9tre suivis:

outils en acier rapide tr~s bien affdte's

grande vitesse de coupe

lubrification abondante (tdtrachlorure de carbone (vapeurs toxiques) ouI
liquides spdciaux Dour les usinages ddlicats)

en finition, iine profondour de passe assez forte eat prdfdrable A une
faible passe,

La rectification (tout au momns sur indtal recuit) est pratiquement impossible.

5. ALLIAGES DE NIOBIUM (GENERALITES ET COMPOSITION)

5.1 Gindtralites

L~es recherches sur lea alliages de niobium dana les derni~res anndes ont eu
successivement les objectifs ci-apr~s.

Phase 1: am~lioration de la resistance A 1' oxdation, voie qui aWest malbeureusement
avdre'e sans succ~s suffisant jusqu'A prdsent;

Phase 2: am4lioration massive des caractdristiques me'caniques A chaud, au ddtriment
le plus souvent d' autres propri4t~s (plasticite' - tempe'rature de transition ductile-
fragile); c'est Ia "premi~re ge'neration" d'alliages, parmi lesquels se trouvent entre
autres: D31, D41, F48, F50, Cb74, Cb7.

Phase 3:' ame'lioration des caractdriatiques mdcaniques A chaud, mais en prenant
en considdration des caracte'ristiques telles que: fabricabilite' (Sheet Rolling Program
de 1'US Department of Defense), ductilite', soudabilite', re'sistance mode'ree A
P oxydation, aptitude A recevoir les revetements, possibilite' d' application dana
l'e'nergie nucldaire, etc. V'est la "1deuxikme ge'neration" d'alliages, tels que: D14,
D36, D33, FS85, B66, B77, AS30, etc.

En se basant uniquement sur Ia recherche de P accroiasement des caract4ristiques

ndcaniques A chaud, deux voies ont W'e particuli~rement d4veloppe'es: le durcissement
par solution solide et le durcissement par phase dispersee, combines ou non.

5.2 Durcissement par Solution Solide

Lea factebrs qui intorvionnent sont: le degre' do solubilite' solide, lea diffdrences
de rayon atomique et do confi."ration e'lectronique, le coefficient de diffusion (lid'
A la tempdrature de fusion),~
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Generally speaking, the effect of elements in solid solution may be summed up as
[] M follows:

[] R Better yield strength at high temperatures: in descending order of effectiveness:

Cr (but solid solubility is limited), V, Zr, Re, Al (but solid solubility is
limited), W, Mo, Hf, U, Ti, and Ta;

Better creep resistance: Mo and W have the most marked effect. Ta has a marked
effect at 1300OF and over, and V up to 22000F. Ti has a favourable effect on
pure Nb metal, but is usually harmful in complex alloys.

Ductility at high temperatures: distinctly improved by Ti. A V content of more
than 12% makes the metal far more brittle, as do W and Mo at contents over 15%.
Cr and Zr also increase brittleness;

Better recrystallisation temperatures: in descending order of effectiveness:
W - Mo - V and Ta. Titanium has no effect on pure niobium metal but tends to
reduce the recrystallisation temperatures of complex alloys;

Modulus of elasticity: increased by W and Mo but tends to be reduced by Ti in
complex alloys;

Ductile-to-brittle transition temperature: the most harmful elements are:

0, 0, N, and C. The following metallic elements should be noted, in descending
order of harmful affect: Re (8% Re brings the ductile-to-brittle transition
temperature up from -300OF to +575 0F), Al, Mo, W, Cr, Zr, V, Hf and Ti.
Tantalum tends to lower the ductile-to-brittle transition temperature.

5.3 Dispersion Strengthening

Research is directed towards obtaining the finest possible dispersion, evenly
distributed and with the highest possible temperature of solution in the matrix.
Such a dispersion may be obtained either naturally oý artificially or by a heat
treatment consisting of solid solution followed by pre-precipitation. A great deal of
activity is being concentrated on this field, but the basic understanding of the
phenomena involved has only reached the initial exploration stage.

Pure intermetallic compounds are little used, for they produce thermally unstable
alloys and redissolve quite rapidly in the matrix. The hardening of niobium alloys
is based principally on the formation of compounds of high thermodynamic stability
which redissolve only at relatively high temperatures; these are formed from
additions of Ti, Zr, Hf and Cr, rare earths and the interstitial elements
(0 - N - C - B) which are present in or added to the basic matrix. Research is also
being done to determine the action of natural or artificial compounds which are
perfectly stable up to the melting point of the alloy, whether added or formed before
or during consolidation.

According to Briggs. Department of Mines, Ottawa, Report IC 153, July 1963.
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D'une fagon g~ndrale, l' action des 4ldments en solution solide peut se rdsumer

come si*

Amelioration de la charge de rupture A chaud: par ordre d'efficacit4 d4croissante,
on notef Cr (mais solubilitd solide liinitde), V, Zr, Re, Al (mais solubilitd
solide limit4e), W, Mo, Hf, U, Ti, Ta;

Am~lioration de la rdsistance au fluage: Mo, W ont 1'effet le plus marqud. Ta a
us effet marqUd A 1. 2500C et au-deasus. V a un effet marqud jusqu' A 1. 2000C.
Ti a un effet favorable aur Nb non alli4, mais le plus souvent d4favorable dana
les alliages complexes;

Effet sur la ductilitd A chaud: Ti 1'aindliore nettement. V A teneura supDrieurea
A 12% eat fragilisant marqu4, de m~bie que W et Mo pour des teneurs supdrieures A
15%. Cret Zr sont 4galeinent des fragilisants marquds;

Andlioration de la tempe'rature de recriatallisation: par ordre d'efficacite'
d~croisaante, on note: W - Mo - V - TP - Le titane n' a pas d' effet stir le
niobium non allid et tend El diminuer la tempdrature de recriatallisation dana lea
alliages complexes;,

Effet stir le module d' 4lasticitd: W - Mo 1'augmentent. Ti tend A le diminner
dana lea alliagea complexes;

Effet stir la tempdrature de transition ductile-fragile: lea dl1inents lea plus
nocifa sont: Hj , ,C Pour lea dldmenta ni~talliquea, on note, par ordre
d'effet nocif ddcroiaaant: Re (8% de Re font passer la tempdrature de transition
ductile-fragile de - 2000C a, 00C, A, M , W rr, V, fTi Le tanaletend & abalsser la tempgrature de transition ductile-fragile.

5.3 Durcissememt par Dispersion
On recherche la formation d'une dispersion la plus fine possible, rdguli~rementdiatribude, et dont la tempgrature de mise en solution dana la matrice soit la plus

artificiellement, soit par traitement thermique de mise en solution solide suivie de
pr4-prdcipitation. Une grande activitd eat ddployde dana ce domaine, mais la comprd-hension basique des ph4nozn~nes nWen eat qu'au premier stade d'exploration.

Lea composds purement interm~talliquea sont assez pen utilisds, car ils donnent des
alliages instables thermiquement et se redissolvent dana la matrice assez rapidement.
Le durcissenent des alliages de niobium eat principalement basd sur la formation de
compos~s A haute stabilitd thermodynamique, qui ne se redissolvent qu' A tempdrature
relativement dlevde, form~s A partir d'additions de Ti, Zr, Hf, Cr, terres rares, et
des dldments interstitiels (0 - N - C - B) pr4sents on ajont~s dana la matrice Le base.
On recherche dgalement l1'action de composds naturela on artificiels parfaitement
stables jnsqu'A la tempdrature de fusion de l'alliage, ajoutds on crdds avant la
consolidation on pendant la consolidation.

jD' apr~s Briggs. Department of Mines, Ottawa, Report IC 153, July 1963.
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5.4 Composition of Niobium Alloys

The following table lists the best-known alloys, grouped according to mechanical

strength at high temperatures:

Refer- Composition (%)
Prodcer ence L{Mo ITi I Zr IVITa ICj Other General remarks

high-Strength Alloys

General Electric AS30 20 1 0.1

Westinghouse B77 10 5 1 Readily formabie
Wah-Chang 0120 15 5 1 Low interstitial content

Wah-Chang C129Y 10 10 Hf (+ Y) Readily formable
Pratt-Whitney C132M 15 5 1 19 0.02

Resistant to
Union Carbide Cb7 28 7 oxidaetion(a)

Union Carbide Cb74 10 5 0.03 C.n be cold-rolled.
Haynes Stellite Cb752 10 2.5 0.02 Low resistance toI oxidation
dnion Carbide Cb84 20 3 7
Union Carbide Cb85 20 3 7 1
Fansteel CT2WZ 10 1 24
Du Pont D35 10 3
Du Pont D40 15 5 1 0.1 Very difficult to

process
Du Pont D41 20 6 10 0.08 Resistant to

oxidation(a
General Electric F44 15 1 0.05
General Electric F48 15 5 1 0.06 Very difficult to process
Fansteel FS85 11 0.6- 27' Readily formable

1
Westinghouse NC181 5 1 5 *(b)
Stauffer SCb291 i0 10 "Readily formable,
IMI SRI6 11 3 0.0812 Hf fairly good
Pechiney P311M? * * * • welding properties.

Average-Strength Alloys

General Electric AS55 5-10 1 0.06 0.6 y(c) Readily formable
Westinghouse B33 5 Readily formable, fairly

good welding
properties

Westinghouse B55 5 5
Westinghouse 866 5 1 5 Read..ly formable

(Continued)

See -eferences (a) (b) and (c) (page 28)
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5.4 Composition des Alliages de Niobium

La tableau ci-apr4s donne une liste des alliages les plus connus, groupds en
fonction de leur r4sistance mdcanique & chaud:

Disigna- Composition (%) ReMarquesg~neralesProducteur tion W MIo Ti Zr IVITaI C I Autres

Alliages & Hautes Garacteristiques
General Electric AS30 20 1 0,1
Westinghouse B77 10 5 1 Bonne fabricabilitd

Wah-Chang C120 15 5 1 Basses teneurs en
interstitiels

Wah-Chang C129Y 10 10 Hf (+ Y) Bonne fabriCabilitd
Pratt-Whitney C132M 15 5 1 19 0,02
Union Carbide Cb7 28 7 Rdsistance i

1' oxydation(a)
Union Carbide Cb74 10 5 0,03 Lminable A froid.

Faible rdsistance

Haynes Stellite Cb752 10 2,5 0,02 A 1'oxydation

Union Carbide Cb84 20 3 7
Union Carbide Cb85 20 3 7 1
Pansteel CT2WZ 10 1 24
Du Pont D35 10 3
Du Pont D40 15 5 1 0, 1 Tr~s difficile i

transf.
Du Pont D41 20 6 10 0,08 Rdsistance A

1' oxydation(a)
General Electric F44 15 1 0,05
General Electric F48 15 5 1 0,06 Trds difficile i

transf.
Fansteel FS85 11 0,6- 27 Bonne fabricabilite

1

Westinghouse NC181 5 1 5 (b)
Stauffer SCb291 10 10 Bonne fabricabilit4IMI Su36 0,08 2 HfPechiney P311S * * Assez bon soudage

Alliages ' Caracteristiques Moyennes

General Electric AS55 5-10 1 0,06 0,6 Y(c) Bonne fabricabilitg
Westinghouse B33 5 Bonne fabricabiliti

Assez bon soudage
Westinghouse B55 5 5
Westinghouse B66 5 1 5 Bonne fabricabilitg

(Voir page suivante)

Voir rdferences (a) (b, . ) (page 29).
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Producer Refer- Composition Other General remarks
ence W MojTj Zr IVITa C I__therenera _rear

Average-Strength A loys

Du Pont D31 10 10 0.1 Resistant to
I oxidation (a)

Du Pont D32
Du Pont D33 4
Du Pont D44 10 0.1 Readily formable
General Electric P50 15 5 5 1 0.06 02 = 0.04 Resistant to

oxidation(a)
Fansteel PS8•2 1 33 Resistant to

oxidation (a) readily
formable, fairly good

i walding properties
Pansteel PS82B 1 33 0.1
Fansteel PS83 5 1 33
Westinghouse NC31 5 1 5 Hf

Westinghouse NC32 1 1 5 Hf

Stauffer T1520 15 20
Stauffer T2020 20 20
Westinghouse VAM19 2 5 Hf
Du Pont X110 10 1 0.1 See D43

Low-Strength Alloys

Wah-Chang C103 1 0.5 10 Hf Readily formable, fairly
good welding properties

Union Carbide Cb6 10 8 Readily formable at R.T.
Union Carbide Cb22 3 3 Al
Union Carbide Cb24 7 3 3 Al
Union Carbide Cb56 1 3 3 Al
Union Carbide Cb65 7 0.8 0.08 Readily formable at R.T.

Resistant to oxidation
Union Carbide Cb67 7 13 3 A1
Haynes Stellite Cb75l 1
Du Pont D114
Du Pont D14 1 Readily formable at R.T.Du Pont D36 1 a ewle

Fansteel FS80 0.8 0.1 Can be welded
Westinghouse NC9 5 5
Stauffer SCb990 1

(a) This means that the alloy is classed as one of the best niobium alloys for resistance to
oxidation, but does not actually imply that its resistance is good.

(b) means that the element in question has been deliberately added.

(c) added before melting.
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Producteur De'signa- Composition (%)rue Ben'aetion W j~oij Zr VI~jalC I Autres emqusenr s

Alliages 'a Caracte'ristiques Moyenne'-

Dui Pont D31 10 10 0, 1 Rdsistance A
1'oxydation~a

Dui Pont D32I
Du Pont D33 4
Dui Pont D43 10 1 0,1 Bonne fabricabilitd
General Electric F50 15 5 5 1 0,06 0 2 =0,04 Rdsistance A

P a n s t e e l S 8 2 1 3 3 on n e a b ri cn a b i i
Fansteel PS82 1 3i Bonn e f AbrcblRditac

lPoxydation(a)

Fansteel FS82 B 1 33 0,1 1se o odg

Pansteel FS 83 5 1 33
Westinghouse NC31 5 5 Hf
Westinghouse ?NC32 1 1 5 Hf
Stauffer T1520 15 20
Stauffer T2020 20 20
Westinghouse VAI 19 2 O' 5 Hf
Dui Pont X110 10 1 01Vuir D43.

Alliages a Caractiristiques Moderefes

Wah Chang C103 1 0,5 10 Hf Bonne fabricabilit4
Assez bonne
soudabilite'

Union Carbide Cb6 10 81 Bonne fabricabilit4
h froid

Union Carbide Cb22 3 3 Al
Union Carbide Cb24 7 3 3 Al
Union Carbide Cb56 1 3 3 Al

Union Carbide Cb65 7 0,8 0,08 Bonne fabricabilitd-'I Afroid. Rdsistant
A 1' oxydation

Union Car!bide Cb67 7 1 3 3 Al
Haynes Stellite Cb751 1 '

Du Pont D1l 1I

Du 1eont D36104 Bonne fabricabilit-
Dii P~xt >36 0 ~ froid. Soudable

Pansteel FS8C 0,8 0,1
Westinghouse NCQJ 5 5
Stauffer SCb99O I __________

(a) Oette rtvmarque aignifie que l1'alliage se classe parmi lea meilleurs alliages de niobium
p~our I ' r~siatance i 1'oxydation, sans que 1Pon puisse cependant considerer que cette
resistance 'a Ioxydtntic'a soit bonne.

(b) 0 signifie que i'ele'Wo-nt conaiQfre' eat volontairement pre'aent.

(c) ildtitoi ftvrnjt fusion.
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6. PHYSICAL PROPERTIES OF SOME ALLOYS

Coeff. o;
Thermal Thermal Specific Electri-Absorptioncal resis- Asrto

Density Melting conductivity expansion heat at tivity at Total cross-
Alloy (i.3 point at R.T. at R.T. R.T. emiss- section

(lb/i (OF) (Btu ft/h ft 2  (micro- (Btu/lb R. T. ivity (barns!
OF) inch/in OF) (microhm- atom)0F) 0F) cm)atmOF)

AS30 0.35

AS55 0.32
B33 0.306 4310 32.5 4.2 0.065 21.8(a) 1.5
B66 0.305 4300 4.1 22.00)
B77 0.319

C103 0.32
C129 0.34
Cb22 0.28

Cb751 0.31 4360
Cb752 0.33 4400 24.2 3.8 0.060
"D14 0.31 3950 4.0
D31 0.292 4130 24.2 4.1 0.074 0.8(c) 2.2
D36 0.286 3500 21.8 4.0
D41 0.32
D43 0.33 4700

P48 0.34 4500 24.2 3.8
F50 0.33 4400 21.8 5.0
FS80 0.31 4350 32.5 0.065
FS82 0.37 4540 4.3
FS85 0.39 4700 21.8 4.1
ScB291 0.35 4720
Su16 0.34 4.4

(a) 6.64 at -320F. (b) 10.9 at -320'F, 24.9 at +210°F. (c) at 2200 0F.

Electrical superconductivity

Critical Critical
temperature fie Id

(OK) (kgauss)

Niobium 8.5 2.5

(Nb 25% Zr coldworked 10.8 70
Alloys , Nb 35% Zr coldworded 11.5 80

Nb 50% Zr coldworked 9.3 90TNb3Sn 18 190

Co d Nb3A1 17
NbN 14.7

tNbC 10.3___I
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6. PROPRIETES PHYSIQUES DE QUELQUES ALLIAGES

Conduct. Coeffi- Chaleur Rdsistiv. Section

D Temp. uiode thriqe 20"C dilatat.Cetd specifique electrique viteg capture
AllTemge ende~uso thermique cient de 1 . Emissi- de

Alliage(g/cm 3) (fC) (cal/cm s a 20°C a 20C (microhm-c a

(O)(cal/gm sC & 200C tot ale (barns/"°C) (x 106) atom2e)

AS30 9,70
AS55 8,.85
B33 8.45 2.370 0,13 7,55 0,065 2 1 , 8 (a) 1,5
B66 8, 40 2. 365 7, 40 22, 0(b)

B77 8,.80
V,103 6, 85

C129 9,40
Cb22 7,75

SCb751 8,6 2.400
Vb752 9,0 2.420 0,10 6,85 0,060
D14 8,6 2.175 7,20
D31 8,08 2.270 0,10 7.40 0,074 0,8(c) 2,2
D36 7,9 1.925 0,09 7,20
D41 8,85
D43 9,15 2.590
F48 9,4 2.475 0.10 6,85
F50 9,12 2.420 0,09 9,0
FS80 8,6 2.395 0,13 0,065
lIS2 10, 26 2. 500 7,75
FS85 10,8 2.580 0,09 7,40
SCb291 9,70 2.590
Sul6 9,3 7,84

(a) 6,64 , -1950C. (D) 10,9 a -195°V: 24, 9 100"C. (c) a 1.2000C.

Supraconductivite 4lectrique

Tempgrature Champ
critique critique

(°K) (kgauss)

Niobium 8,5 2,5

Nb i f5% Zr 4croui 10,8 70
Alliagos Nb + 35% Zr Jiro#U 11,5 80

ND + 50% Zr dsrtot 9,3 90

Nb 3sn 18 190

!NbN 1,
NIC 10,3

-I

7'm _ _ui . : U g unun ln u am un mn n lm uu mnnn
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7. MECHANICAL PROPERTIES OF SGME ALLOYS

7.1 Tensile Properties at High Temperatures (Mean values)

Alloy StateW- YS WS El. YS ) El. YS W El. YS IUM El. YS (IS El.

kp(kpsi) (.) sk i) i) (%) (kps i) (%) (ksi) (%)

AS30 D 140 170 20 81 86 12 67 72 17 60 56

B77 D 107 132 18 40 26 30 34
C120 D 103 115 4 20 28 50
C132 BF 124 137 20 61 63 23 56 57 28 (b)29 40 50

BFR 33 41 30 28 35 48 (b) 2 " 23 63
C129 D 100 111 16 40 50 30 20 23 65

LE 123 132 5
LR 72 86 25 30 41 42 21 24 45

Cb7 BF 140 148 4 66 72 16 41 49 18 24 28 53
Cb752 D 69 84 15 31 41 25 26 36 33 17 27 32

BF 74 90 25 47 51 18 24 41 23 18 26 42
IR 60 80 27 31 43 28 21 33 30 17 24 45
TR 60 77 31 60 56

Cb84 D 122 132 7 57 60 12 30 34 34
Cb85 60 70 15 41 46 37
CT2WZ D 100 110 15 64 68 14 30 36 30 17 18 56
D41 BF 128 130 6 53 57 26 47 50 20 28 34 33 26 35

FR 100 107 10 46 50 15
D42 D 86 56
F48 LR 110 122 16 58 66 16 26 28 47

BF 110 122 10 58 66 19 37 40 40 23 36 29 17 31 36
L 100 110 10 40 43 25

FS85 D 96 106 41 46 31 23 17
LR 69 83 20 30 37 25 17 21 55

NC181 51 54 5
SCb291 LR 64 72 20 24 33 24 20 30 24 16 21 25 13 18 35

BF 33 40
AS55 D 66 84 22 37 40 15 27 30 24 20 13 15 44

IR 56 69 28 18 37 24 15 25 50
B33 LE 114 130 6 32 40 12 28 32 20 23 24 30 11 13 95

D 66 81 26
IR 54 78 32 30 33 34 13 14 55

(Continued)

(a) D = stress-relieved BR = forged bar
LR = recrystallized sheet Fi = extruded - recrystailized
LE = coldworked sheet

L = plate
Ti = recrystallized thin sheet (0.012 in thick) (b) at 26000 F.

K
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7. CARACTERISTIQUES MECANIQUES DES PRINCIPAUX ALLIAGES

jj
200C 1.0900C 1.2000C I.3200 C 1. 3700,

(Lkg/mm)(% (kgm 2 (% (kg/lmm 2) (%) (kgm )(o) k/m) (%

AS30 D 100 12020 5760 12 4750 17 42 39

B77 D 75 92 18 28 18 21 34

C120 D 72 81 4 14 20 50'

C132 BF 87 96 20 43 44 23 39 40 28 (b)27  28 .0

BFR 23 29 30 20 25 48 (b)15  16 63

C129 D 70 78 16 28 35 30 14 16 65
LE 869 5
LR 50 60 25 21 29 42 15 17 45

Cb7 BF 981044465016293418 17 20 53

Cb752 D 485915222925182533131932

BF 52 63 25 33 36 18 17 29 23 14 18 42

LR 42 56 27 22 30 28 15 23 30 13 17 45TR 42 54 31 42 39
Cb84 D 85 94 7 40 42 12 21 24 34
Cb85 42 29 15 29 32 37

CT2WZ D 707715454814212530121456
D41 BF 8991 6374026333520202433 18 35

FR 70 75 10 32 35 15

D42 D 60 39

F48 LR 77 85 16 41 46 16 18 20 47

BF 778510414619262840162529 12 22 36

L 70 77 10 28 30 25

FS85 D 67 74 29 32 22 16 12
LR 48 58 20 21 26 25 12 15 55

NC181 36 38 5

SCb291 L• 455020172324142124111525 9 14 25
BF 23 28

AS55 D 465922262815192124 14 9 11 44

LU. 39 48 28 13 26 24 11 18 50
B33 LE 8091 6222812202220161730 8 9 95

D 46 57 26
LU 38 55 32 21 23 34 9 10 55

(Voir page suivante)

(a) D = etat restaure'
LB = t6le recristallise'e BF = barre forge'e

LZ t6le ecrouie FR = fil' - recristallise

L = plateau lamine'
TR = t6le mince (e = 0,3 mm) recristallise'e (b) k 1.4300 C.

A" !

4 N " -, ,,
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70OF 2000°F 22000F 2400OF 25000F

YS IVS E1. YS WSEl. YSIJFSEl. YSUJSEl. YS V/S El.
S(kpsi) (10) (kplssi) (75) (kp:!) () (kp'si) 2 (kpsi) ()

B66 D 95 114 20 58 64 28 35 40 38 25 28 52 20 22
LA 80 102 26 41 51 38 33 38 57 20 25 71 17" 22
BF 88 112 30 46 54 38 37 41 38 24 27 57
T1 76 95 32 38 50 35 23 29 70

Cbl6 D H6 74 15 27 34 40
Cb20 D 128 132 3 69 74 20 25 22 17
D14 D 62 80 15 28 38 40 25 15 21 90 11 15 100

L. 53 62 25
D31 BF 85 100 35 25 30 36 10 13 85

D 120 128 7 33 35 12 25 27 14 20 8 11 13
FR 85 100 22 25 28 25

D43 D 78 96 16 40 47 16 25 35 17 21 25 28 13 14* 31
Tl 56 76

P2950 BF 80 124 25 33 50 28 28 35 35 !8 21 48
FS82 LE 91 100 3

D 80 88 15 44 51 26 25 40 15 24 11 14 75
LR 37 56 24 30 13 19

FS82B D 80 90 15 40 46 8 23 33 18 11 13 53
PS83 D 110 15 46 34 38 16 18 25 18
PS85 D 96 108 14 41 46 13 30 33 25 20 24 43 15 18* 70

L 69 80 30 30 35 28 24 28 32 15 18 57
T1520 D 103 26 35 33 21 30 10 48
T2020 D 122 26 50 27 33 34 15" 48
C103 D 88 94 9 18 25 63 18 10 12 92

Ln 50 57 26 18 27 45 10 12 >70
Cb6 D 21 33 44 17 52
Cb22 LE 126 133 7 32 34 88 11 13 92
Cb24 D 146 154 5 25 27 78 9 10
Cb56 D 32 27 52
Cb65 D 85 95 20 15 23 25 15 42

LA 56 66 35 14 17 50
Cb67 25 30 52 5 7 88
Cb751 D 40 50 12 11 15 29
Dll L 34 50 25 20 23 32 7 9 62
D36 FR 72 80 21

LR 60 70 20 20 23 56 142080 8 10 90
PS80 BF 50 60 17

LR 47 36 21 23 14 18 17 7 9 jfO

(a) D = stress-relieved BP = forged bar
LB = recrystallized sheet PR = extruded - recrystallized
LE = coldworked sheet

L = plate * tested at 2800°F
T1 = recrystallized thin sheet (0.012 in thick) * tested at 26000F.
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20 0C 1, 0900C 1, 2000C I, 3200C 1, 3700Ci iAlliage Etat(a)--t

Aliae ta ka L R A LE R A LEg RI A LE B A LE R A(kgl m2) (%) (k ()2) g/=2) (%) (kgMM2) (%) (kg/mm 2) (%)

B866 D 67 80 20 41 45 28 25 28 38 18 20 52 14 15
LR 56 71 26 29 36 38 23 27 57 14 18 71 12 15

BBF 62 78 30 32 38 38 26 29 38 17 19 57
TR 53 67 32 27 35 35 16 20 70

Cbl6 D 46 52 15 19 24 40
Cb20 D 90 92 3 48 52 20 18 22 17
D14 D 143 56 15 20 27 40 18 11 15 90 8 11 100"

LR 37 43 25
D31 BF 60 70 35 18 21 36 7 9 85

D 84 90 7 23 25 12 18 19 14 14 8 8 13
FR 60 70 22 18 20 25

D43 D 55 68 16 28 33 16 18 25 17 15 18 28 9 10 31
TR 39 53II

F50 BE' 56 86 25 23 35 28 20 25 35 13 15 48
FS82 L G4 F70 3

D 56 62 15 31 3626 18 28 11 17 8 10 75
LR 26 39 24 21 9 19

FS82B D 56 63 15 2832 8 16 23 18 8 9 53

A$83 D 77 15 32 24 27 16 13 18 18

FS85 D 68 76 14 29 3213 21 23 25 14 17 43 11 113* 70
LR 48 56 30 21 2528 17 20 32 11 13 57

T1520 D 72 26 25 33 15 30 7 48
T2020 D 85 26 3527 23 34 11 48

C103 D 62 66 9 13 18 63 13 7 8 92
LR 35 40 26 13 19 451 7 8 >70

Cb6 D 15 23 44 12 52
Cb22 LE 88 93 7 22 24 88 3 9 92
Cb24 D 103 108 5 18 19 78 6 7

Cb56 D 22 26 52
Cb65 D 60 67 20 11 16 25 11 42

Lt 39 46 35 10 12 50
Cb67 18 21 52 4 5 88

Cb751 D 28 35 12 8 11 29
Dll LR 24 35 25 14 16 32 5 6 62

D36 FM 50 56 21
LR 42 49 20 14 1656101480 6 7 90

FS8O BF 35 42 17 I
LR 33 36 15 1614 1317 5 6 60

(a) D = Atat restaure' BF = barre forg4e

L ' plateau laminae essai e 1,540°C
tR =t8e mince (e = 0.3 mm) recristallise' * essal ' 1,430°C.
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7.2 Materials Advisory Board Targets

The targets set by the Materials Advisory Board are:

alloy alloy

In optimum conditions
Elongation at room temperature (%) 15 10
Tensile properties (kpsi) 20000F, YS 40, UTS 50 22000F, YS 40, UTS 50

24000F, YS 15, UTS 20 26000 F, YS 15. UTS 25
UTS notch ratio at room temperature 1 1
Recrystallization temperature 2400°F 2800oF
Ductlle-to-brittle transition
temperature (in bending) -90OF -40OF
Bend test at room temperature

base metal 1 T 4 T
welded metal 2 T 6 T

In recrystallized condition
Elongation at room temperature (%) 15 10

7.3 Creep Properties

7.3.1 Stress.-Rupture

Mean values (kpsi) generally on stress-relieved material

2000OF 2200OF 2400OF te er
, temperatures

1A 10h lO0Oh1k 10h lO0h A 10h 1OOh OF 1h 10h

AS10 64 50 37 46 32 23
AS30 53 47 41 30 30 21
A955 30 18 15
B;3 21 15
B66(r) 37 25 25 17 11 14 7 2600 11 6
377 28 21 21
C129 28 25 17 10
C132(k) 20(") 2600 9
C132M(k) 25
Cb7 18 14
Cb26 20 15
Cb752 27 21 18 20 17 14 15 11 9
D14 11 6
D31 t4 15 11 9 J2300 9 5

I2N00 6
D41 35 25 18 11 2300 11
D43 32 25 18 (dý 20 14 10 (e) 11 9 8 2600 96

for references (a) - (r) see page 38. (Continued)
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7.2 Specifications do Materials Advisory Board

Les buts i atteindre fix4s par le Materials Advisory Board sont:

Alliages h resistance Alliages & haute
mode~ree r~s is tance

Dans les conditions optima 
j

A (%) 1 200 15 10
Caratdristiques en traction A 1.0900 C .. LE 28 R 35 1 1.2000 C .. LE 28 R 35
(kg/M 2) A 1.320 0C .. LE 11 R 14 1 1.430 0C .. LE 11 R 18
(R llsse)/(R entailld) A 20 0C 1 1
Temp4rature de recristallisation 1.3200C 1.5400 C
Tempdrature de transition
ductile-fragile en pliage -70 0 C -400C

Pliage A 200 mdtal de base I T I T

esoudd 2 T 6 T

Etat recristallisd, A (%) A 200C 15 10

7.3 Caractdristicpues de Fluage

7.3.1 Rupture Differie

Valeurs moyennes (kg/mm2) en gdn~ral sur mat~riau restaurd

Autres
1.0900C 1.2000C 1. 320°C temperatures

Ih 1Oh 1Oh A I1h lO1h 1h 1Oh IOOh (°C) Ih 10h

ASIO 45 35 26 32 22 16
AS30 37 33 29 21 21 15
AS55 21 13 11
B33(r) 15 11JB66 26 18 18 12 8 10 5 1.430 8 4
B77 20 15 11
C129 20 18 12 7
C13 2 (k) 14(") 1.430 6
C132M(k) 17,5
Cb7 13 10
Cb26 14 11
Cb752 19 15 13 14 12 10 11 8 6

D14 8 4

D31 17 11 8 6 1 260 6,3 3

D41 25 18 13 8 1.260 8

D43 22 18 1 3 (d) 14 10 7(e) 8 6 5,5 1.430 6 4

(Voir page suivante)
voir riferences (a) - (r) (page 39).

IN u m m ~ mlm- m mml • • •i
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2000OF 22000F 24000F Other

temperatures
lh 10h 100h lh 10h 1Oh lh 10h 1Oh OF Ih 10h

F44 48 37 30
P48 50 41 3 5 (a) 35 24 2 0 (g) 2 0 (h) 15 (h) 1 1 (h)

F50 38 27 20 24 15 11
FS82 25 23 17 03 11 9 7(h) 6 (h) 3 . 5 (h)
FS85 (b) 31 26 18 20 13 17 11 2600 13 9

SCb291 2700 9

(a Ioh I__ IiI I01O9

1800tF 2000aF
1 o h 1Ohh 100h ah 1wh 1geh

Cb56 18 13
Cb65 15 10 7
Cb67 15
FS80(b) 28 20(c) 20 18
FS80 (r) 10

(a) 30 kpst for 1000h Wg 11 kpsl for 1000h
Mb coldworked (h) tested at 2500°F

(c) 14 kpsi for 1000h Mk as swaged

(d) 14 kpsi for lO00h (l) 15.5 kpsi for lO00h
(e) 7 kpsi for 100h (r) recrystallized

S7.3.2 Creep Stress

Large numbers of results are already available but they vary greatly owing to the
different qualities of materials tested and the variety of experimental conditions.

The following tables give an overall picture of the situation for stress-relieved
materials for long and short duration tests:

Creep (long duration tests). Stresses in kpsi.

TotaZTemperature (OF)
Total Aly - ___ ___ ___Alloycreep 1800 2000 2200 2400 2500

1 to 5% F48 20
in AS55 18

lOO1h F80 13 3
1W82 10

(Continued)

Source: Battelle Memorial Institute



AutresJ . 0900 C 1. 2000C 1. 3200C temperatures

10 Ih 100h Ah 10h 100h 1h 10h 100h (0C) I1h 10h

P44 34 26 21
F48 35 29 2 5 (a) 25 17 14 (g) 14(h) 11(h) 8 (h)

P50 27 19 14 17 11 8
PS82 18 16 12 11 8 6 5(h) 4(h) 2,5(h)
pS8 5 (b) 22 18 13 14 9 12 8 1.430 9 6
SCb291 1.480 6

1.0000C 1.0900C
1h 10h 1Oh lh 10h 10h

Cb56 13 9
Cb65 11 7 5
•Cb67 11
FS80(b 20 14(c) 14 13

IpS80(r) 1 ?

(a) 21 kg/mm2 Pour 1.000h (g) 8 kg/mM2 pour 1.000h
(b) ~croui (h) essais 'a 1,3700C

(C) 10 kg/M2 pour 1.000h (k) brut de retreint
(d) 10 kg/MM2 Pour 1.600h (1) 10.9 kg/mM2 pour 1.0001h
(e) 6 kg/=m2 Pour 1.000h (r) recristallise'

7.3.2 Fluage

Les rdsultats disponibles sont d~ji tras nombreux, mais pr~sentent une grande
dispersion, due aux diff~rentes qualitds des matdriaux de d~part, aux conditions
exldrimentales diverses.

Les tableaux ci-apras r~sument globalement la situation sur matdriau restaure
d' apras des essais de longue ou courte dur4e.

Fluage de longue duree. Contraintes en kg/mm2 .

Tempgrature (*C)
Fluage Alliage
total lig

980 1.090 1.200 1.320 1.370

F48 14
AS55 13

en FS80 9 2
100h1 P8FS827

(Voir page suivante)

* D',apris Battelle Memorial Institute



Tota 
Temperature (OF)

Creep Alloy' 1800 2000 2200 2400 2500

F48 35 18 9
FS85 20
Cb752 18 14 9

ino5 FS82 15 4

n|in

1h AS55 21 9 I
15 10 4

D31 15 9
D36 10

F48 46 32 15
B66 34 20 12
C129 25

1 to 5% CON5 21 17 11
in F882 20 6
lb AS55 25 11

B33 17 11 5 2
D31 20 11
FS80 17 6

Creep (short duration tests). stresses in kpsi.

Total Temperature (OC)

Creep o 20U 2200 2400 2500 2600 2700 3000 3100 3

B66 28
07752 20 7 2

< 1% S291 1.3 0.6
innh C129 7 5 2

B33 15 0.6 0.3
D36 21

F48 46 32 15
B66 34 20 12 4
C129 25 7 3

i ob752 21 17 11 3

1h D36 2
iF82 20 6
B33 17 11 5 2
D31 11 20

B66 35 27 18 7 3~
C129 30 11 5
b752 25 10

in lb 18 14 9 5
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Tempgrature (*C)
Fluage Alliage

total 980 1,090 1.200 1.320 1.370

F48 25 13 6

F885 14
Cb752 13 10 6

1&5 FS82 11 3
en AS55 15 6

FS80 11 7 3

D31 11 6
D36 7

F48 32 22 11

B66 24 14 8,5
C129 18

1 5% Cb752 15 12 8
en FS82 14 4
lh AS55 18 8

B33 12 8 3,5 1,4
D31 14 8

FS80 12 4

Fluage de courte duree. Contraintes en kg/mm2. 3

Fluage Temperature (°C)
ta Alliage

1.090 1.290 1.320 1.370 1.430 1.480 1.650 1.710 1.870

B66 20
Cb752 14 5 1,4

< 1% SCb291 0,9 0,4
en lh C129 5 3,5 1,4

B33 11 0,4 0,2

D36 1 0,6

F48 32 22 11

B66 24 14 8,5 2,6 0,6

1&5% C129 18 5 2,1
Cb752 15 12 8 2,1

lb D36 1
PS82 14 4
B33 12 8 3,5 1,4
D31 8

B66 25 19 13 5 2

C129 21 8 3,5
en Cb752 18 7

lh B33 13 10 6 3,5
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The followin; considerations emerge from these two tables:

Alloys with low creep resistance (but better than pure Nb metal.):

Cb751 - DlI: interesting up to 1800°P; devoid of all interest at 1925°F
and over.

B33
D31 : same comment as for Nb-lZr alloys - (Cb751).
D36 : the least interesting of the alloys from the point of view of

creep resistance.

F882 : slightly better than Nb-lZr alloys.

Alloys with moderate creep resistance:

A855 creep resistance very interesting up to 18000 F,
B66

Alloys wit high creep resistance:

C129
Cb752 : retains good creep resistance up to 24000 F.
FS85 : equivalent to Cb752 up to 20000 F.
SCb291

Alloy with very high creep resistance:

F48.

7.4 Young's Modulus (millions of psi)

(Measured in static tensile test)

Te(serature (OF)il

Alloy 70 1800 2000 2200 2400 2600 2800 3000

B33 16 15
B66 15 12 7.8 4.8

C103 12.6 6.5
C129 16 13 11.2
Cb751 15
Cb752 15.7
D14 13.8 11.5
D31 16.6 9.3 8.8 7 6
D36 16.6
F48 25 19 17 15 14
P50 24 17 15 13 10
PS80 15.5 2.8 2 0.8
FS82 17.2 11.4 10 7.2 5
PS85 20 19 18 16 15 12
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-.1 ressort de ces deux tableaux les considdrations suivantes:

Alliages 'a risistance au fluage faible (mais supdrieure A celle du Nb non allid):

"Cb751 - Dl: int~ressants Jusqu' A 980°C; peident tout int4rdt k 1.050°C et en

B33 =dessus.
B33

D31 m~me remarque que pour les Nb-lZr -(Cb751).
D36 le moins intgressant des alliages du point de vue rdsistance au

fluage.
FS82 ldggrement meilleur que les Nb-lZr.

Alliages & resistance au fluage mode'ree:

AS55 r4sistance au fluage trAs int~ressante jusqu' i 980 0C.
B66

Alliages ' resistance au fluage Uevge:

C129
Cb752 : conserve une bonne r4sistance au fluage jusqu'i 1,3200 C.
FS85 : quivalent au Cb752 jusqu' 1.,000 C.
SCb291

Alliage & resistance au fluage tres •eve.,

F48.

7.4 Module d'Elasticitg (kg/mm2)

(Mesures statiques en traction)

Temperature ("C)

20 980 1.090 1.200 1.320 1.430 1.540 1.650

B33 11.100 10.500

B66 10.500 8.400 5.500 3.400
C103 8.800 4.500
C129 11.200 9.300 7.800 5.700
Cb751 10.500
Cb752 11. 000
D14 9.600 8.100
D31 11.600 6.500 6.200 4.900 4.200
D36 11.600
P48 17.500 13.500 11.500 10.600 9.700
"l50 16.800 11.900 10.500 9.000 7.000

PS80 11.000 2.000 1.400 560
PS82 12.000 8.000 7.000 5.000 3.500
PS85 14.000 13.300 12.600 11.200 10.500 8.400
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2 1 7.5 Stress Belief and Recrystallization

Thermal treatment conditions for stress relief depend very much on hi*the material
has been processed. The following table shows the customary practice for various

alloys.

Recrystallization temperature also depends on the processing history of the metal
as well as its impurity content, etc. The values given below are for metals of
ordinary marketable standards of purity.

Recrystallization Stress relief treatment
Alloy temperature temperature (OF)

(1h) (OF)

AS30 - lh/2000 (extruded bar)
AS55 E 2500 W/1800 (extruded bar)
B33 E 90% 2000 11h/1850 (sheet)
B66 E 85% 2450 lh/2000-1800
B77 2700
C103 E 2250 lh/1600
C120 2700
C129 E 2250 lh/1800 (sheet)
C132 2950
Cb16 2550

Cb65 11 2200

Cb752 F 2500 lh/1800 - lh/2200

D14 E 2100 lh/1950 (sheet)

D31 FE 24100 lh/1750 (sheet)

D36 E 2100
D41 F 2550
D43 E 2400 lh/2000 (sheet)
P48 F 3350 lh/2200 (sheet and bar)
P50 F 3100 ih/2000 (bar)

FI0h205I (sheet - forgings)
PSS0 E 2200 1h/1800 (tube)

FS82 E 2200 lh/1900 (shebt)
FS82B 2200
FS85 E 95% 2300 1h'/1850 (sheet)
SCb291 E 2300 lh/1800 (sheet)

E = coldworked alloy, F = extruded bar.

7.6 Ductile-to-Brittle Transition Temperature

For most alloys, the ductile-to-brittle transition temperature is distinctly
higher than for pure niobium metals but is still below room temperature. As in the
case of pure niobium metal, it is also greatly dependent on factors such as: previous heat
treatment; content of interstitials (hydrogen in particular); grain size; method of
deformation (bending, tensile or impact testing and whether with notched or unnotched
specimen); rate of deformation (slow or rapid).



AýA

7.5 Restauration et Recristallisation

deLes conditions de traitement thernique de d~tente-restauration d~pendent fortement
dela fagon dont a dt transformd le mnatdriau. Le tableau ci-apr~s donne les pratiques

les plus courantes pour les principaux alliages.

La tempdrature de recristallisation dUpend 4galement de l'bistorique 4&, la

transformation du mdtal, de sa teneur en imupuretds, etc. Les valeurs indhque'es ci-

dessous concerne le matdriau de puretd comiwerciale courante.

Tempgrature Traitement def
Alliage recristallisation de'tent6-restauration

(1h) (0C) (OP)

AS30 - lh/l. 0900 (fil4) JD
AS55 E 1.380 Ih/9800 (fild)
B33 E 90% 1.090 lb/i. 0100 (t~ie)
B66 E 85% 1.350 lb/i. 0900-980o
B77 1.480
C103 E 1.220 lh/8700

C120 1.480
C129 E 1.220 lb/9800 (tOle)
C132 1.620
Cbl6 1.400
Cb65 E 1.200

Cb752 P1.370 b90 - h120

I E1 .2 6 0 l / 8 0  
- l / . 2 0

D14 E 1.150 lb/i. 0700 (tOle)

D31 FP 1.'320 h90(tl
fE1.150 /50 (te

D6 E 1.150
D41 F 1.400
D43 E 1.320 lh/1.0900 (t~le)

P48 P 1. 860 lb/i. 2000 (tdle et barre)
P50 F 1. 700 lb/i. 0900 (barre)

1. lh/9000 (tale - forgd)
FS8 E .20 lh/9800 (tube)

PS82 E 1.200 ih/l. 0400 (Ole)
PS82B 1.200
FS85 E 95% 1.270 lb/i. 0100 (tdle)
SCb29i E 1,200 ib/9800 (tdle)

E =alliage dcroui & froid, F produit fild.

7.6 Teup~rature de Transition Ductile-Fragile

Pour la plupart des alliages, la temp4rature de transition ductile-fragile est
nettement supdrieure A celle du niobium non allid, mais reste cependant infdrieure A

la, temp4rature ambiante. En outre, cette tempdrature dUpend fortement, canine dens le a
cas du niobium non allid, de facteurs tels que: dtat de traitement tbermique, teneurs
en impuretds interstitielles (particuli~rement hydrog~ne), grosseur du grain, mode de

ddformation (pliage - traction - impact -dprouvette lisse ou entaillde), vitesse de
diformation (lente ou rapide).
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The following table gives a few representative values of transition temperature

(in OF):

Type of test

Imp t Tensile
Bending unnotched notched ot notched t enotched

AS30 Stress-relieved 32
AS55 Stress-relieved <70
B33 Stress-relieved lh/1825 <-320

Annealed Ih/2000 <-320 <-320(a)
B66 Stress-relieved lh/2000 <-320 <-320(b)

Annealed lh/2500-30)
C103 As rolled <-100 <-100 <-100

Stress-relieved ih/i600 <-320
C129 Stress-relieved lh/1800 <-320

Annealed lh/2400 -280
Annealed lh/2800 -200

Cb75i As rolled -110 -100 -100
Stress-relieved ih/1650 -90 <-100 -100
Annealed ih/2200 -75 <-100 <-100

Cb752 Annealed lh/2200 <-320
Annealed 1h/2800 -150

D14 Annealed <70

AS0 Stress-relieved 320

SStress-relieved <70 -240
Annealed(d) <70 +120
Annealed(e) +410

D36 Stress-relieved <70
Drawn. Stress-relieved +70 +70
D Stress-relieved <-100

F48 Stress- relieved lh/2200 -40 +210 -40 +70
Annealed lh/2900 +400 +130 +250

F0 Stress-r:-Iieved -40"Annealed <70
Stress-relieved lh/1900 -70 -70
Coldworked
Stress-relieved <-320

Annealedd)<0+0

Annealed lh/2200 -20

(a) Elongation :33% at - 3 P 400 rpm Interstitials
(b) Elongation : 13% at - 320°P (e) 1200 ppm interstitials
(c) Elongation : 7% at - 3200P

IC I
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Le t~ableau ci-apr~s donne quelques valeairs indicatives de la tempgrature de

transition (en 0C):

A Type d'essai

Alliage Etat Rgsilience Traction
Pliage non avec non avec

entaihlle entaille entaille' Ientaille

AS30 Restaurd 0IAS55 Restaurd <200
B33 Restaurd 111/1.0000 <-1950

Recuit 111/1. 0900 <-1950 <-1 9 5 0(a)
B66 Restaurd 111/1.0900 <41950 _9ob

Recuit 111/1. 3700 -90c
C103 Brut de laminage <-750 <-.750 <-5

Restaurd 111/8700 <-1950
C129 Restaurd ih/9800 <-1950

Recuit 1h/1.320'0 -1700
Recuit 111/1.5400 -1250

Cb751 Brut de laminage -800 -750 -750
Restauri 111/9000 -700 <-750 -750
Recuit 1h/i. 2000 -600 <-750 <-750

Cb752 Recuit 111/1. 2000 <-1950
Recuit 111/1. 5400 -1000

D14 Recuit <200

Restaurd <200
D31 Restaurd <200 -1500

Recuit(d) <200 + 500
Recuit Ce) +2100

D36 Restaurd <200
D41 Fil4 - Restaurd +200 +200jD43 Restaurd <-750

F48 Restaurd 111/1. 2000 -400 +1000 -400 +200
Recuit 111/1. 6000 +2000 +600 +1200

F50 Restaurd -400
FS80 Recuit <200
FS82 Restaurd 111/1. 0300 -55 -550
PS85 Ecroul A froid

ftestaurd <-1950

SCb291 Recuit 111/1. 200 -300

(a) A M% de rupture 33% ' - 1950 (d) 400 ppm d' interstitiels

(b) A (%) de rupture 13% i - 1950 (e) 1. 200 Dpp d' interstitiels
(c) A(%) de rupture 7%~ - 1950
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8. CORROSION OF ALLOYS BY GASES, CHEMICALS

AND LIQUID METALS

8.1 Resistance to Oxidation. General

Very intensive research has been conducted with the object of defining tha action
of additives on the resistaice of niobium to oxidation at high temperatures and to
try to improve it.

It is known that the oxidation of niobium is progressive Lecause the layer of
Nb 20 cracks and splits above a certain thickness. The additives must therefore:

reduce the number of faults in the oxidised layer and accommodate it to the
base metal;

improve the mechanical properties of the layer of oxide and densify it:

stabilise the oxide phases as lower oxides NbO or NbO 2.

The action of added elements on resistance to oxidation in air may be summed
up as follows:

Gain in weight (mg/cm2 h)

Content
Elemnt (at/%o) (7o) Temperature

11000F 1470OF 1830°F

Nb pure metal - 5 35 25
Ti 10 5.2 0 12 10

25 13 - 2a 2

Cr 10 5.6 2 10m 14m
15 8,4 1 2 -87

V 10 5.5 O_ 1m 3m
15 8.2 1 2 10

Al 1 0,3 5 40 19
Si 1 0,4 4 50 20__m

2 0,8 3 75 50i
Mo 8 8,2 Om 2m 5m

15 15,5 1 3 20
W 3 6 6 40 60

10 20 2 i- 2d
Ta 2 4 9 30m 70

10 19,4 10 40 20m
25 49,5 5 30 60

Zr 2 2 8 60 135
10 10 1 25 -

20 20 0 10

"W" signifies that the minimum oxidation rate is given
by the content in question.
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8. CORROSION DES ALLIAGES PAR LES GAZ, PRODUITS
CHIMIQUES, METAUX FONDIJS

8. 1 Re'sistance 'a IOxydation. GWngralitds

Des Anudes trgs intensives ont dtd effectudes pour ddfinir 1' action des 4idmentsi
d' addition sur la rdsistance i 1' oxydation A haute tempdrature du niobium, et titcher
de 1' am,4liorer.

O atque 1' oxydation du niobium progresse du fait que la couche de Nb 205 se

craquelle et se ddlite au-dessus d'une certaine dpaisseur. Les didnients d'addition

doivent done:

rdduire le noinbre des ddfauts de la couche oxydge et 1' accommoder au mdtal

de base;

amdliorer les caractdristiques mdfcaniques de la couche d'ox~yde et la densifier;

stabiliser lea phases ox~ydes en oxydes faibles NbO ou NbO 2.

V' action des 4idments d' addition sur la resistance i 1' oxydation dans 1' air peut
se rdsumer comme suit:

IGain de poids en mg/cm 2 h

Ele'nent Tnu
en at/% (% Temperature

Nb non allid -5352

Cr 10 5,6 2 1-0" 14m_
15 8,4 1 2 8"'

v 10 515 0M 1

15 8,2 1 2 10
Al 1 0,3 5 40 19
Si 1 0.4 4 50 20"'

2 0,8 3m 75 50
Mo 8 8.2 0"' 2m' 5m

15 15,5 1 3 20
w 3 6 6 40 60

10 20 2m' 12m' 28m
Ta 2 4 9 T0OW 70

10 19,4 10 40 20m
25 49.5 5 30 60

Zr 2 2 8 60 135
10 10 1 25
20 20 0 10

V' indice "IV' indique que Is vitesse minimum d' oxydation est
obtenue pour la teneur considdrde.
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50Generally speaking, it may be said that:
To reduce the oxidation rate (which nevertheless always increases linearly with

II
time), the following elements are somewhat effective: Titanium, Mo (5 at/%),
Cr (15 at/%), V (10 at/%), Zr (15-35 at/%) (but low contents are harmful).
Al (1 at/%). Tantalum has little effect but is bad on the whole. Elements such

as Ni, Co. Mn, Be, Fe, B and Si have little significant effect.

But it should be noted that:

The addition of certain elements may be unadvisable from the point of view of

mechanical strength at high temperatures (Ti) or formability (Cr, V, Al);

Oxidation rates are still very high and such alloys are useless in practice
without protective coatings.

To improve resistance to internal contamination by oxygen the most suitable
elements are Ti, Zr (particularly with 35 at/%), Cr. Vanadium is fairly
effective.

The effects of Mo, W, Ta, etc. are negligible.

To reduce the diffusion rate of oxygen, additions of Zr (35 at/%) or
Ti (25-35 at/%) are particularly effective. The addition of V (25 at/%) orCr (20 at/%) also produce a considerable improvement but such alloys are very 'I
brittle.

A general idea of the behaviour of niobium alloys is given by the following
table:

Gain in weight (mg/cm2 )

after 1Oh in oxygen

1470°F 1830°F 2200°F

Niobium pure metal 3600 6000 24, 000
Single-phase alloys of niobium 20-50 70-100 200
Two-phase alloys of niobium 8 12 16
Stainless steel 9 10 800

Haynes Stellite HS 31 0.5 10 30
Tungsten 600 6000 60,000
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Dans l'ensemble, on peut dire Que:

Pour reduire la vitesse d'oxydat ion (qul reste cependant toujours lingaire en
fonction du temnps), lea didments relativement efficaces sont: Titane, Mo (5 at/%),
Cr (15 at/%), V (10 at/%), W (10 at/%), Zr (15 A 35 at/%) (mais ndfaste aux

faibles teneurs), Al (1 at/%). Le tantale a peu d'action, dens l1'ensemble
ndfaste. Les 4idments tels que 0li, Co, Mn, Be, Fe, B, Si, ont dgalenient une
action peu marqude.

Mais on reinarquera que:

L' addition de certains 6idments peut ftre ddfavorable du point de vue de la

rdsiatance mdcanique A chaud (Ti) ou de la fabricabilitg (Cr, V, Al);

Les vitesses d'oxydation sont encore tras importantes et que de tels alliagest
sont inutilisables en service sans avoir recours A des revetements protecteurs.

Pour ame'liorer la rdsistance & la contamination interne par l'oxyg~ne, les
didments favorables sont Ti, Zr (particuli~rement avec 35 at/%), Cr. Le Vanadium

a quelque efficacitd.I ~ Mo, W, Ta, etc. W'ont qu'une influence ndgligeable.

Pour re'duire la vitesse de diffusion de l'oxyge'ne, les additions de Zr (35 at/%)
ju Ti (25-35 at/%o) sont particuli~rement efficaces. L' addition de V (25 at/%)

Cr (20 at/%) procure dgalement une forte aindlioration, mais de tels alliages
tras fragiles.

Une idd3ý gdndrale du comportement des alliages de niobium est donnd~e dans le

tableau suivant:

Gain de poids (mg/cm,2)
apr~s 100h dans l'oxyge'ne

8000C 1. 0000C 1. 2000C

Niobium non allid 3.600 6.000 24. 000
Alliages de Nb A une seule

phase 20-50 70-100 200
Alliages de Nb A deux phases 8 12 16
Acier inoxydable 10 800
Haynes Stellite HS 31 05 10 30
Tungst~ne 1 0 6.000 60. 000
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8.1.1 Resistance to Oxidatto Some Common Alloys

Depth of
cont amination Resistance to oxidation assessed according

Alloy (mails) after to esse according
10h at 2200OF to gain in weight

___ in air

Nb metal 520
B33 Oxidation rate equivalent to that of Nb pure metal
B66 Oxidation rate equivalent to that of Nb pure metal
Cb6 Average
Cb7 16 Good but still inadequate
Cbl6 8 Good but still inadequate
Cb65 56 Fairly good
Cb74 Poor
Cb752 Poor
D14 Oxidation rate equivalent to that of Nb pure metal
D31 28 Fairly good - oxidation rate 10 times slower than

that of Nb pure metal
D36 Fairly good - oxidation rate 10 times slower than

that of Nb pure metal
D41 12 Fairly good
F48 76 Poor
F50 32 Fairly good
FS82 144 Fairly good

8.2 Resistance to Water and Water Vapour .
Attempts have been made to improve the resistance of niobium to corrosion

simultaneously with its mechanical properties at high temperatures, with a view to
to nuclear applications.

In water vapour at 1000°F under a pressure of 1500 psig, additions of Al, Fe,
Mo and Zr are harmful, whereas additions of Ti, Y., and Cr are favourable. After a
190 days' test, an alloy containing 13.5% Ti, 8% V and 6% Cr gives a gain in weight
of 227 mg/cm2 (i.e. appreciably less than the gain for Zircaloy 2 tested at 7500F).
With vanadium additions of more than 5%, resistance is particularly good up to 11000 F.

8.3 Resistance to Chemicals

Generally speaking, alloys are less resistant to corrosion by the common chemicals
than pure niobium metal.

8.4 Resistance to Liquid Metals

Niobium alloys are generally less resistant to this form of corrosion than pure
niobium metal. Yet the alloy Nb-lZr shows an equivalent or even better resistance
in liquid Na (except in the welds, where intergranular corrosion is observed) and
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8.1.1 Rgsistance 'a l'Oxydation des Principaux Alliages

Pro fondeur de
cant aminat ion

Alliage (mm) apris Rgsistcrice & 1'oxydat Lof d'apris gain'de poids
I0h h 1.2000C
dans LPair

Nb non allid 13
B33 Vitesse d' oxydation dquivalente & celle du Nb non allid
B66 Vitesse d' oxydation dquivalente A celle du Nb non allid
Cb6 Moyenne
Cb7 0,4 Bonne, mais encore insuffisante
Cb16 0, 2 Bonne, mais encore insuffisante
Cb65 1,4 Assez bonne

Cb74 F'aibleI D14 Vitesse d'ox~ydation dquivalente A celle du Nb non alli4
D31 0,7 Assez bonne, vitesse d'oxydation 10 fois plus faible

que celle du Nb non alli4
D36 Assez bonne, vitesse d'oxydation 10 fois plus faible

que celle du rib non allie'
D41 0,3 Assez bonne
P48 1,9 Faible
P50 0,8 Assez bonne
PS82 3,6 Assez bonne

8.2 Risistance i 1, Eau et A la Vapeur d'Eau

On a cherchi A amdliorer la rdsistence A la corrosion du niobium, en meme temps que
ses caractdristiques mdcaniques A haute tempdrature, en vue d' applications nucidaires.

Dans la vapeur d'eau & 540 0C, sous 105 kg/cm2 de pression, les additions de Al,
Fe, Mo, Zr sont ndfastes; les additions de Ti, V, Cr sont favorables. Apr~s 190 jours
d'essai, un alliage contenant 13,5% Ti - 8%.1 V - 6% Cr, donne un gain de poids de
227 mg/cm2 (soit sensiblement, momns que le gain de poids du Zircaloy 2 test4 A 4000C).
Avec des additions de vanadium supdrleures A 57o, la rdsistance A 1' attaque est
particuli~rement bonne jusqu' A 6000C.

8.3 Rgsistance aux Produits Chimiques

En gdndral, lat rdsistance i la corrosion des alliages est infdrieure A celle du
niobium non alli4.

8.4 Risistance aux Metaux Fondus

En gdndral la rdsistance A la corrosion des alliages eat infdrieure A celle dui

niobium nnallid. Cependant, l1'alliage Nb - 1 Zr a une rdsistance dquivalente et
m~me meilleure dams le Na fomdu (salif dans les soudures oiA P'on note une corrosion
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in liquid Li (it is not contaminated by lithium containing up to 2300 ppm of
oxygen and an alloy containing 3600 ppm of oxygen stands up very well at 1500°F).

The alloy B33 resists corrosion in liquid Na better than pure niobium metal.

The alloy D33 shows little resistance to liquid K at 22000 F.

9. FABRICATION

9.1 Welding

Alloy Welding properties

Nb-lZr Good under very pure atmosphere. Ductility very similar to that of
base metal.

AS30 Poor

AS55 Good. But welds become fragile on heating to about 17500 F.

B33 Good. Ductile-to-brittle transition temperature in bend test -240 0 F.

B66 Fairly good. Does not bend on 2T. Transition temperature +150F
(bend test 3T).

B77 Welding properties inferior to those of B66.

C103 Good. Ductility of welds equal to that of base metal.

C129 Fairly good. Ductile-to-brittle transition temperature +90 0 F. Heat
treatment needed after welding. Does not bend on 2T.

Cb752 Fairly good. Ductile-to-brittle transition temperature -150 0F.

D14 Good.

D3 1(b) Arc welding impossible in principle. Controlled atmosphere welding has
given Joints with a transition temperature of +5500 F, which is reduced
to +1050F by heat treatment at 2100°F for 24 hours.

Some acceptable welds may be obtained by resistance welding or by high-
speed electron beam (transition temperature +2500 F). Flash-welding
is possible.

(Continued)
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intergranulaire) et dgalement dans Li fondu (ii W'est pas contamind par du lithium
contenant Jusqu' A 2. 300 ppm d' oxyg~ne et un alliage contenant 3.600 ppm d' oxygane

rdsiste encore tr~s bien &. 8200C).

V' alliage B33 a mie rdsistance & la corrosion dans le Na fondu supdrieure & celle
du niobium non allid.I

V alliage D33 rdsiste mal A K fondu A 1. 200 0C.

9. MISE EN OEUVRE

9.1 Soudage

All jages Soudabilite'

Nb-iZr Bonne sous atnosph~re tr~s pure. Ductilit4 tr~s voisine de celle du

AS55 Bonne. Cependant les soudures se fragilisent par chauffage vers 9500C.

B33 Bonne. Tempgrature de transition ductile-fragilc en pliage -1500C.

B66 Assez bonne. Ne se plie pas A 2T. Temperature de transition -100C
(pliage 3T),

B77 Soudabilitd infdrieure &. celle du B66.

C103 Bonne. Ductilitd des soudures dquivalente A celle du mdtal de base.

C129 Assez bonne. Tempdrature de transition ductile-fragile +300. Un
traitement thermique est n~cessaire apr~s soudage. Ne se plie pas a
2T.

Cb752 Assez bonne. Tempdrature de transition ductile-fragile -1000C.

D14 Bonne.

D31b 1 Non soudable & Parc en principe. Par soudage en chambre dtanche, on
a obtenu des soudures ayant une tempdrature de transition de +290 0C,
rainende A. +400 par traitement thermique de 24h A 1. 1500C.

Quelques soudures acceptables peuvent Otre obtenues par soudage par
rdsistance ou par bombardement dlectronique & haute vdlocitd
(temp4rature de transition +120 0C). Possibilitd de flash-weld4ng.

(Voir page suivante)
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Alloy Welding properties

D36 Good. Transition temperature -270 0 F. Behaves better than B66 or Cb752.

D41 Poor.

D43 Fairly good.

F48 Poor. Transition temperatures of +350°F for controlled atmosphere
welding and +250°F for electron \)eam welding are obtainable. Plasticity
is improved by 4 hours' annealin&t at 2500OF (the transition temperature
is then +1050 F).

P50 Poor.

PS82 Good. Transition temperature -240'\,F (electron beam welding), -150°F
(controlled atmosphere welding) anL\ +50°F (welding in air). 4 hours' heat
treatment at 2000°F after wblding ii recommended.

PS85 Good. Transition temperature -240 0F. Bends on 2T. Behaves better than
B66 or Cb752.

SCb29l Good. Transition temperature -240°F (bend test).

The above considerations apply to TIG arc welding (unless otherwise stated).
Welds produced by the electron beam method are generally mechanically stronger and
less brittle. To obtain appreciable ductility in the weld, the interstitials
content of the alloys must be as low as possible.

9.2 Brazing

The disadvantages resulting from the fusion welding of a large number of niobium
alloys have led to a great deal of research to try to define brazing alloys which
have nevertheless good properties at high temperatures.

Brazing alloys based on Ti or V are chiefly used:

D31 : brazing with pure Ti metal at 3100 0F. The advantages of the niobium-
titanium combination are: the two metals are mutually soluble to a great extent;
they dissolve their oxides before melting (hence no flux); the melting point of the
resulting alloy is higher than that of titanium.

D36 : brazing with Ti - 8.5% Si or Ti - 13V - llCr - 3A1.



£ All iages Soudabilite'

D36 Bonne. Teinpdrature de transition -1700C. Se comporte mieux que B66
ou CON5.

D41 Mauvaise.

D43 Assez bonne.

F48 Mauvaise. Par soudage en chambre dtanche, on o'cient une tempdrature

dlectrnique.La plasticitd eat amdliorde par Un recuit de 4h
130C(atmgauede transitionde+0,ete +120 p ar so dag parbobadeen

F50 Mauvaise.

PS82 Bonne. Tempdrature de transition de -175 0C (soudage bombardement
diectronique), de -iO00Cr (soudage en chambre dtanche) et de +100C
(soudage dana l1'air). Un traitement thermique de 4h A 1.0900 eat
recommand4 apr~s soudage.

PS85 Bonne. Tempdrature de transition -1500C. Se plie A 2T. Be
comporte mieux que B66 ou Cb752.

SCb29i Bonne. Tempdrature de transition -150 0C (pliage).

Les considdrations pr4cddentes a' appliquent au cas de soudage par fusion A 1'arc
TIG (sauf mention contraire). Lea soudures rdalisdes par bombardement d~lectronique
sont dana 1' ensemble plus rdsistantes mdcaniquement et momns fragiles. Pour obtenir
des ductilitda apprdciables aur soudure, lea alliages doivent contenir la plus
faible teneur possible en interstitiels.

9.2 Brasage

Lea inconvc~nients rdsultant du soudage par fusion d'un grand nombre d'alliagea de
niobium ont conduit A d' importantes recherches pour ddfinir des alliages de brasage
prdsentant ndanmoins de bonnes caract~ristiques A chaud.

On utilise principalement des alliages de brasage A base de Ti ou de V:

D31 :brasage avec Ti non alli4, A 1.7300C. La combinaison niobium-titane a pour
avanTtages: lea deux mdtaux sont largement solubles 1' un dana 1' autre; uls dissolvent
leurs ox~ydes avant de fondre (donc pas de flux), le point de fusion de l'alliage
rdsultant eat supdrieur A. celui du titane.

p36 brasage avec Ti -8,5% Si on Ti -13V - 11Cr -W~.
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58P48:
_ _4____ _ _ _ _ _ _ __:

Temperature Rupture shear-strength
Brazing solder brazing service at 2500'F (kpsi)((a

(OF) (OF)

60V-30Nb-l0Ti 3300 2500 9
60V-3ONb-8Ti-2C 3300 2500 10
60V-3ONb-iOZr 3200 2500 9
59V-29Nb-1OZr-2Si 3100 2500 9.5

70Ti-30V 3000 2500 (a)h'p joints-

65V-35Nb 3400 2500 rupture in the
braze-weld.

48Ti-48Zr-4Be 1830 1500 Base 'aetal UTS at
75Zr-19Nb-6Be 1830 1500 250C1F: 20 kpsi

Mention should also be made of the possibility of bonding in the solid state under
high pressure at medium temperatures (1300 0 F) or at low pressure and high temperature,
with or without the use of an intermediate metal sheet (Zr - Ti - Ta - V - Be).

9.3 Forming

All the alloys are consolidated by arc melting or electron beam melting or by
both techniques combined (first melt by electron beam and second melt by arc).
Attempts have been made by General Electric to produce the alloy F48 by powder
me+allurgy.

Alloy Forming Process Product

Nb-lZr Forging at 1200-2000 0 F. Rough Sheet (24 x 72 x 0.06 in) -

rolling at 600-7000 F. Cold rolling Strip - Foil - Bars - Wire - Tube.
up to 80%.

AS30 Extruding at 2500-30000 F, followed Plate - Forged products - Bars.
b3 hot rolling.

AS55 Roughing down by extruding at 2500°F, Now under development.
followed by forging at 20000F. Warm
rolling followed by cold-rolling.

j• (Continued)

__ __ _
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F48

Contrainte de
Tempgrature 'C cisaillement & la

Brasure de de rupture 'a 1.370'C de
brasage service joint s brasgs~a)

kg/MM2

60V-3ONb-I0Ti 1.815 1.370 6
60V-3ONb-8Ti-2C 1.815 1.370 7
60V-3ONb-iOZr 1.760 1.370 6
59V-29Nb-lOZr-2Si 1.705 1.370 6,5

7OTi-30V 1.650 1.370 (a)Joints par re-
65V- 35Nb 1.870 1.370 couvrement; rupture

_______________ ________dans la brasure.

Charge de rupture
48Ti-48Zr-4Be 1.000 815 en traction du ni4tal
75Zr-19Nb-6Be 1.000 815 de base & 1.3700~

14 kg/mm
2

Citons 4galement les possibilit~s du soudage, en phase solide par haute pression A
ti~de (7000) ou sous faible pression & haute tempdrature, avec ou sans interposition

d'une feuillie de mdtal intermddiaire (Zr - Ti - Ta - V - Be).

9.3 Fabricabilited - Production .

La consolidation de tous les alliages est r4alisde par fusion A l'arc ou par
bombardement 4lectronique, on par les deux techniques (premi~re fusion par bombardement
diectronique - deuxi~me fusion A l1'arc). Quelques tentatives de production de
l'alliage F48 par mdtallurgie des poudres ont 4t faites par General Electric.

Alliage Fabricabilite' Productionj

Nb-lZr Porgeage A 650-9800 C. Laminage M~e (600 x 1. 800 en 1, 5 mm)-
ddgrossissage i 320-2000 C. Bande - Feuille mince - Barre-
Laminage & froid jusqu' A 80%. Fil - Tube.

AS30 Pilage A 1.370 0C-1,6.50 0C, puis Tdles 4paisses. Produits forg4s.
laminage A chaud. Barres.

AS55 Ddgrossissage par filage A 1.370oC, En de'veloppement.
puis forgeage A. 1.0900 C. Laminage
& tilde, puis & froid.

(Voir page suivante)
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Alloy Forming process Product

B33 Final shaping (bending, deep drawing, Sheet (24 x 72 x 0,06 in) -

spinning can be done cold but warm Strip - Foil (0.004 in thick,
working is to be preferred. 8 in wide) - Wire - Tube.

B66(a) Extruding at 2500-30000 F, followed Sheet (18 x 80 x 0.012 in) - Strip-
by rolling at 20000 F, then cold Foil, Bars - Wire - Forged products.
(up to 8%) or preferably at 4000 F. Extruded tube (experimental) but
Swaging, deep drawing and spinning cannot be finished by reduction at
done warm for preference, room temperature.

C103 Roughing down by hot extrusion. Sheet - Strip - Bars.
Rolling at 400 0 F. Final cold
rolling.

C12 9 (a) Extrusion, followed by hot forging. Sheet -Strip - Bars.
Rolling at 8000F, then cold.

Cb752(a) Roughing down by extruding at Sheet (up to 36 x 96 in) - Strip -
20000 F, following by forging. Foil down to 0.002 in thick.
Rolling at 20000 F. Final cold
rolling up to 80%.

D14 Roughing down preferably by hot Sheet - Strip - Bars - Tube - Wire.
extrusion.

D31 Roughing down by extrusion at Sheet (down to 0.02 in - 24 x 8O in)
25500 F, followed by forging. Hot Strip (0.004 in thick, 8 in wide
rolling at 22000 F. Annealing at or 0.08 in thick, 24 in wide)
2200-25700 F. Final cold rolling. Bars.
Forming at 400-650°F for Extrusions (pilot production).
preference. Extruded T-sections
have been made.

D36(a) Roughing down by extrusion (hot). Sheet - Strip - Foil (down to
0.10, 0.006 and 0.002 in thick) -

Bars.

D41 Extrusion at 2700 0F, followed by Plate - Forged products - Bars.
forging at 2500°F.

I4 3 (a) Roughing down by extruding at 2000 0F, Tubes extruded at 1760 0 C and then

followed by forging. Rolling at cold drawn (under development).
20000 F. Final cold rolling up
to 807.

(Continued)

(a) Se!ected for US Air Force Refractory Alloy Foil Development Program (production of strip
24 in wide and down to 0.001 in thick.

(b) Selected for US Department of Defense Sheet Rolling Program (production of 36 x 96 in sheet).
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Alliage Fabricabilite' Production

B33 La mise en oeuvre finale (pliage - Tdles (600 x 1.800 x 1,5). Bande.
emboutissage - repoussage) peut 6tre Feuille mince (e = 0, 1 en largeura
effectude & froid, inais de 200) - Fil - Tube.[ ______prdfdrence A ti~de.

j866(a) Filage i 1.370-1.6500C, puis Tble (450 x 2. 000 x 0, 3) - Bande
laminage i 1. 1000C, puils 6. froid Feuillie mince - Barre - Fil-
(jusqu' & 80%) oil de prdfdrence A Produits forgds Tubes filds
20000. Emnboutissage, pliage, (expdrinental), nais ne peuvent
repoussage de pr~fdrence A ti~de. Otre finis par rdduction A 200.

C103 Ddgrossissage par filage A chaud. Thle - Bande - Barre.
Laminage & 400 0C. Laminage final A

froid.

C129(a) Filage, puils forgeage A chaud. TOle - Bande - Barre.
Laminage A 4300C, puis A froid.

0b752(a) Ddgrossissage par filage A 1.1000C. T~le (jusqu'i 900 x 2.400) - Bande-
puils forgeage. Laminage A 1.1000 C, Feuille mince jusqu'A e = 0,05 mm.
Laminage final A froid jusquiA 80%.

D14 Ddgrossissage de prdfdrence par T81e - Bande - Barre - Tube - Fil.
filage & chaud.

D31 (b) Ddgrossissage par filage A 1.4000 C, Tale U usqu'Ai e = 0, 5, 2. 000 x600)-
puis forgeage. Laminage A chaud A Bande (jusqu' A e = 0, 1 larg. 200, Oil
1.200 0C. Recuit & 1. 200-1. 3700 C, e =2, larg. 600)
Laminage final A froid. Mise en Barre
oeuvre de pr~fdreiice A 200-300'C. Profilds (pilot production).

Des profilds T ont dt rdalisds.

D36(a) Ddgrossissage par filage A chaild. T~le - Bande - Feuille mince
(jusqil' A 0, 25, 0, 15 et 0, 05 mm

d' dp.) - Barre,

D41 Filage A 1.500 0 C, puils forgeage A Tdles dpaisses - Produits forgds-

1.3700C, Barres.

D43(a) IWgrossissage par filage A 1. 10000, Tubes fil4s 1.7600C, puis dtirds a

puis forgeage. Laminage A. 1. 1000. froid (en ddveloppement).
Laminage final A froid jusquiA 80%.

(Voir page suivante)

(a) S41ectionned dans 1P Air Force Refractory Alloy Foil Development Program (re'alisation de
bandes de 600 de large Jusqui e = 0,025).

Mb Sdlectionne' dans le DOD Sheet Rolling Pragr& (obtention de tlals de 900 x 2.400).
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Alloy Forming process Product

F48(b) Extrusion at 2800-33000 F. Hot Plate - Forged products - Bars -

and rolling first at 2700°F then at Foil (24 x 24 in) - (DOD Sheet
F50 21000F. Annealing at 2800 0F. Final Rolling Program).

rolling at 1300 0F.

FS82 Extrusion, followed by hot forging. Sheet - Strip - Foil - Bars - Wire
Final cold rolling; Forming at R.T. (24 x 72 x 0.6 in).

FS85 Extrusion, followed by hot forging. Sheet - Strip - Foil - Bars - Wire.
Final cold rolling. Forming at R.T.

SCb291 Forging at 2200 0F, then at 2000- Sheet - Foil - Bars - Tube.
18000 F. Rolling at 700-5000 F. Final
cold rolling up to 60%.

1
9.4 Machining

Generally speaking, these alloys can be machined by the standard methods employed
for stainless steel. It is recommended tc work on clean, well-descaled surfaces.
High-speed steel or carbide tools with a positive cutting angle may be used.
Lubrication must be generous (trichloretnylene or soluble oils - or carbon
tetrachloride for the less hard alloys).

Surface grinding is still very difficult.

9.5 Descaling

The alloys can be descaled in acid mixtures such as: 20-35 HF + 0 to
13 H2so t 10-25 HNO 3 + H20 (% by volume, at 70-1400 F).
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Alliage Fabricabilite' Production

F48(b) F'ilage A 1.540-1.8000C. Laminage TMes dpaisses - Produits forgds -
et i chaud A 1.5000C, puis A 1.1000C. Barren. TMes minces de 600 x 600
F50 Recuit A 1. 5400C. Laminage final (DOD - Sheet Rol.ling Program)

A700 0C.

FS82 Filage, puin forgeage A chaud M~e - Bande - Feuille mince -

Laminage final A froid. Mine en Barre - Fiu. (60 x 1.800 x 1,5)
oeuvre a' froid.

FS85 Filage, puis forgeage A chaud. M~e - Bande - Feuille mince -

Laminage final i froid. Mine en Barre - Fiu.
oeuvre A froid.

s~b291 Forgeage A 1.200 C, puis 900-1.0900C T8le - Feuille mince - Barre - Tube.
Laminage, A 260-3700C. Laminage final
A froid Jusqu' A 60%.

j9.4 sng
2n g~ndraf, len alliages peuvent Otre usinds en utilisant len pratiques courantes

pour len aciers inoxydables. Ii est recommande' d' ope'rer sur surfaces de'calamine'es

propren. On peut utiliser den outils en acier rapide ou en carbure, avec angle

de coupe positif. La lubrification doit 6tre abondante (trichlore'thyl~ne ou huiles
nolubles - ou te'trachlorure de carbone dans le cai des alliages peu durs).

La rectification reste tr~s difficile.

9.5 De'calaminage

Le decalaminage den alliages peut Otre effectud dans des mdlanges acides tels
que par exemple: 20-35 HF + 0 'a 13 H250 4 + 02 N 3 + 20 %e oue
(A 20-600).
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CHAPTER I1 - TANTALUM AND TANTALUM ALLOYS

1. PHYSICAL PROPERTIES OF TANTALUM METAL

1.1 Atomic number 73 Atomic weight : 180.88 Group V A.

1.2 Crystal Structure

0ody centred cubic (no transformation point) lattice constant :"3.30 A at R.T.- -

atomic diameter : 2.94 A

1.3 Density

0.60 lb/in3 .

1.4 Melting Point

5425°F.

1.5 Vapour Pressure _

Temp. (°F) 3100 4000 4400 4700 5100 5500

mmHg 0.5 x 10-1' 7.9 X 10-7 1 X 10-6 1 x 10-5 1 x 10-3 5 X 10-3

Temp. (OF) 6700 7200 8100 9400 11000

mmHg 10-1 0.8 8 75 750

At high temperatures, the solid metal thus evaporates to some extent. The
following figures .: given in the case of tests under dynamic vacuum of
1 x 10-3 mHg.

Temperature (OF) 4400 4700 5100

Evaporation rate
(g/cm2 s) 1.55 x 10-7 1.48 x 10-6 1.41 x 10-5
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CHAPITRE II - TANTALE ET ALLIAGES DE TANTALE

1. PROPRIETES PHYSIQUES DU TANTALE NON ALLIE

1.1 Nuero Atomique: 73 Masse atomique : 180,88 Groupe V A.

1.2 Structure Crisralline

Cubique centra (pas de point de transformation) rdseau 3,30 A A 20 0C - diam~tre

atomiquo : 2,94

1.3 Densitd

16,64 g/le 3 .

1.4 Tempdrature de Fusion

2. 996 0C.

1.5 Tension de Vapeur

TemAp. ('C) 1.700 2.200 2.400 2.600 2.800 3.000

mmtHg 9,5 x 10-" 7,9x10 7  1x10 6  1 x 10-5  1 x 10- 3  5x10-

Temp. (°C) 3.700 4.000 4.500 5.200 6.100

mmHg 10- j 0.8 8 75 . 760

Aux tempdratures dlevies, le mital solide subit done une certaine dvaporation.
Les doandes sont les suivantes, dans le cas d' essais sous un vide dynamique de

I x 10-3 mmHg:

Texmprature (°C) 2.400 2.600 2.800

Vitesse d' dvaporation
en g/cm2s 1,55 x 10"7 1,48 x 10-" 1,41 x 10-5

(Voir page suivante)
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Temperature (7F) 3200 '_700 4200

Thickness loss

(mils per year) 0.004 0.4 40

1.6 Specific Heat

Temp. (°F) 70 210 570 930 1300 1650 2000 2400 2700 2900 4900

i (Btu/lb

O )F) 0.0332 0.0336 0.0345 0.0354 0.0363 0.0372 0.0382 0.0392 0.0402 0.040 0.050

1.7 Thermal Conductivity

Temperature (*F) 70 210 2600 3000 A400

(Btu ft/h ft 2 OF) 31.5 31.8 42 45 48

1.8 Thermal Expansion (mean)

Temperature (7) 210 1650 2900 3300 3650 4000 4400 4700 5100 5300

(microinch/in OF) 3.4 3.56 3.68 3.86 4.10 j4.38 4.8 5.35 6.0 6.3

General equation : LT = Lo (1 + 3.40 x 10-6 x T + 1.05x 101°0 x T2) (T in OF).

1.9 Electrical Resistivity

Temperature (OF) -100 70 210 1470 1830 2700 3650 4400 5100

(microhm-cm) 9 12.5 18 47 54 71.5 87 100 111

These coefficients allc for variations in dimensions due to thermal expansion.

The temperature coefficient of electrical resistivity per OF is 0.0021 (0 to 400 0F).

The residual electrical resistivity is 0.5 microhm-cm at 100K.

Superconductivity first appears at 4.4 0 K with a critical field of 2 kgauss. The
compound TaC becomes a superconductor at 9.4 0 K.



Tempgrature (1C) 1.750 2.000 2.300

Perte d' paisseur
en un an (m) 1 x 10" 1 x 10 2  1

1.6 Chaleur Spdcifique (cal/g °C)

Temp. (°C) 20 100 300 500 700 900 1, 100 1. 300 1. 500 1. 600 2. 700

Chaleur

spdcifique 0, 0332 0, 0336 0,0345 0,0354 0, 0363 0, 0372 0, 0382 0, 0392 0, 0402 0, 040 0,050

1.7 Conductibilitd Thermique

Ten.pgrature (°C) 20 100 1.430 1.630 1.830

Conductibilitd thermique
(cal/cm s °C) 0,130 0,131 0,174 0,186 0,198

1.8 Coefficient de Dilatation Lindaire

Tempgrature (°C) 100 900 1. 600 1. 800 2.000 2.200 2.400 2. 600 2. 800 2.900

a x 106 moyen de 200 1 la,
tempdrature considirde/°C 6,12 6,40 6,61 6,93 7,35 7,88 8,60 9,61 10,79 11,35

Equation gdndrale : LT = Lo (1 + 6,10 x 10.6 x T + 3,4 x 10-'0 x T2 ) (T en °C).

1.9 R6sistivitg Electrique

Temperature (QC) -70 25 100 800 1,000 1.500 2.000 2.400 2,800

Rosistivito
(microhms-cm) 9 12,5 18 47 54 71,5 87 100 111

Ces coefficients tiennent compte des variations de dimensions dues & la dilatation
thermique.

Le coefficient de tempdrature de la rdsistivit4 est 0, 0038 par OC (de 0 a 2000 C).

La r~sistivitd dlectrique rdsiduelle est 0, 5 microhms-cm i 10OK.

La supraconductivitd apparaft 4,40K avec un chap critique de 2 kgauss. Le composd

TaC devient supraconducteur & 9,4 0 K.
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1.10 Absorption Cross-Section (Thermal Neutrons)

21.3 barns/atom.

1.11 Spectral Emissivity

Total emissivity in relation to black body

Temperature (°F) -290 +70 210 930 1830 2700 3650 4500

Polished surface 0.025 0.028 0.030 0.053 0.085 0.21 0.25 0.30

Oxidiped surface - - 0.420 0.426 0.60 0.80 - -

2. MECHANWCAL PPqPERTIES OF TANTALUM METAL

2. 1 Typical Analyses

The purity of tantalum products depends mainly on how they are produced (sodium
reduction, electrolysis or carbothermic treatment) and how they are consolidated
(powder metallurgy, arc melting or electron beam melting). Typical impurity
contents (in ppm) are:

_ _ _ _ _ _ Electron
Original Sintered Arc melted beam melted

product Product pruduct product

Oxygen 1000-8000 10-50 500-3000 10-20

Nitrogen 200-500 50-100 100-500 20-50
Carbon 400-1500 100-200 200-800 20-50
Hydrogen 100-800 5-10 30-100 1-5

Iron 500-1500 300-800 300-500 20-50
Silicon 500-1500 50-100 100-A00 10-20
Titanium 200-500 50-100 100-300 5-10
Magnesium 100-200 10-20 50-100 -
Niobium* 50-2500 50-2500 50-2500 50-500

The niobium content depends mainly on the quality of the ores and the degree of Nb-Ta
separation.



I7

69

1.10 Section de Capture (Neutrons Thermiques)

21,3 barns/atome.

1.11 Coefficient d' Eissivitd

Emissivitt totale par rapport au corps noir: j
Tempirature (°C) -173 27 100 500 1.000 1.500 2.000 2.500

Surface polie 0,025 0,028 0,030 0,053 0,085 0,21 0,25 0,30

Surface oxydde - - 0,420 0,426 0,06 0,80 - -

2. PROPRIETES MECANIQUES DU TANTALE NON ALLIE

2.1 Analyses Courantes

La puretd des produits en tanta0a ddpend essentiellement du mode de production
(rdduction - glectrolyse - carbothermie) et du mode de consolidation (mdtallurgie des
poudres - fusion i lParc - fusion par bombardement dlectronique). Les teneurs
moyennes en impuretds sont les suivantes (en ppm):

Apr~s fusion
Produit de Apres Apres Arseuint

dipart frittage fusion arc eboectroniquRlectronique

Oxyg~ne 1.000-8.000 10-50 500-3.000 10-20
Azote 200-500 50-100 100-500 20-50
Carbone 400-1.500 100-200 200-800 20-50
Hydrog~ne 100-800 5-10 30-100 1-5

Fer 500-1.500 300-800 200-500 20-50
Silicium 500-1.500 50-100 100-200 10-20
Titane 200-500 50-100 100-300 5-10
Magndsium 100-200 10-20 50-100 -
Niobium* 50-2.500 50-2. 500 50-2.500 50-500

La teneur en niobium depend essentiellement de la qualite des minerais et de la separation
Nb-Ta plus ou moins pousse'e.

A!



2.2 Tensile Properties at High Temperatu-es

S(Mean wqlues)

70OF 11000F 1470OF 1800OF 2000OF 2200OF 30000F(c)

"Annealed(s) Cold Iworked 95%o Annealed(a)

0.2% yield
strength (kpsi) 3 2 (b)- 57  102 25 21 13 10 7 7
Ultimate tensile
strength (kpsi) 4 3 (b).- 7 2  110 60 50 27 18 15 10
Elongation (%) 2 5 - 4 0 (b) 3 16 23 33 43 48 30

(a) lh at 230G°F. (b) electron beam melted.
(c) maintained 90 sec, high speed tensile test conditions.

Tantalum is subject to a strain-ageing effect at 490-750°F; the effect varies in
intensity according to the quantity of interstitial impurities present (especially

oxygen and hydrogen).

2.3 Tensile Properties at Low Temperatures -

Ductile-to-Brittle Transition

Metal which has been electron beam melted (02: < 0.003; C: < 0.003; N2.'. 0.0008;
others: < 0.08) gives the following results under tensile test on unnotched specimen:

Temperature (7F) 70 -190 -240 -330 -420

Stress- UTS (kpsi) 57 93 130 160 200

relieved Reduction of area (%) 95 95 94 91 90
at 1375 0 F

Annealed UTS (kpsi) 40 60 80 103 130
3h at Reduction of area (%) 98 95 94 92 88

2200°P

See the comparison with other metals in Figure 1.

Notching has no appreciable effect.

It may thus be said that the ductile-to-brittle transition temperature of
tantalum is less than -4200F.

In accordance with the general law, the transition temperature is raised by fast
mechanical testing, recrystallization grain size (recrystallization in itself has no
effect) and the impurities content especially of interstitials:

___ ___
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2. 2 Caractdristiques MWcaniques en Traction i Haute Tempdraturej(Valeurs moyennes) 200C 6000C 8000 C1980W11 .0900011.2000CjI.6500C(c)

Etat Etat II I I
recuit(a) e'croui 95%6 Etat recuit(a)

Linite 70 1 15 9 7 5
10,2% (kg/mm 2) 22(b)-40  7 8 1

Charge de rupture

(kg/MM2) 30(b)-50  75 42 35 19 13 11 7
Allongement (% 2 5 -40 (b), 3 16 23 33 43 48 30

(a) lb a 1.250*0 . (b) metal fondu par bombardement e'lectronique.
(c) maintien 90s et vitesse de traction rapide.

I Le tantale prdsente un effet de strain-aging i 250-4000C, plus ou moins marqud
suivant la teneur en impuretds interstitielles (particuli~rement oxyg~ne et hydrogbne).

2.3 Caractdristiques en Traction A Basse Tempdrature-
Transition Ductile-Fragile

Pour tan mdtal fondu par bonbardement dlectronique (02 <0,003 - C < 0,003
N2=0,0008 - autres < 0,03), on obtient en traction, sur dprouvettes lisses'

Temp Jrature (0C) 20 -100 -150 -200 -250

Mdtal Charge de rupture (kgm 2  40 65 91 112 140
restaurd Striction (%) 95 95 94 91 90
A 7500C

Mdtal Charge de rupture (kg/mm 2) 28 42 56 72 91
recuit Striction ()98 95 94 92 88
3h A 1.2000C

Voir comparaison avec les autres mdtaux (Fig.1).

Une entaille n' a pas d' effet sensible.

On peut done dire aue le tantale a une tempdrature de transition ductile-fragile
infirieure hz -250TC.

Suivant la loi g4n~rale, la tempdrature de transition est augmentde par la vitesse
de l'essai micanique, la grosseur du grain de recristallisation (la recristallisation
propreinent dite n' a pas d' effet), la teneur en impuret4s, particuli~rement
interstitielles:
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Transition temperatures (7F) from reduction of area in tensile test

Hydrogen Oxygen

ppm unnotched notched ppm unnotched notched

2 <-420 <-420 30 <-420 <-420
150 -110 -110 500 -330 -240
300 -110 -110 750 4 90 +120

Analysis (ppm) Heat treatmen. Transition temptrature
02 H•2 C + N2,Ha (tensile test)

500 5 <44 stress-relieved lh/13750 F -400°F
annealed 3h/2200°F -400°F

760 4 <44 stress-relieved lh/13750 F -290°F
annealed lh/26000 F -1000 F (coarse grain)

80 135 <44 stress-relieved lh/13750 F -100°F
annealed 3h/22000 F -100°F'

2.4 Hardness

Like tensile properties. hardness is strongly affected by the impurity content
(see 2.8) and by the degree of cold-work (see 2.9). According to temperature,
hardness varies as follows:

F-Temperature (7F) 70 750 1100 1470 1830 2200

Vickers number 95 90 82 50 30 25

2.5 Young s Modulus

Temperature (OF) 70 750 1470 2200 2900

E (106 psi) 26.5 25 24 17 9

2.6 Fatigue Strength

Rotative-beam tests at 101 cycles gives a fatigue limit of 35,000 psi at room
temperature on annealed metal.

I
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Temperature de transition en essai de traction (striction)

Ifydrogene Oxygane

ppm non entailU ppm non entaiIIp entai I I$p entai Il• ntil

2 <-250 <-250 30 <-250 <-250
150 - 80 - 80 500 -200 -150
300 - 80 - 80 750 + 30 + 50

Analyse (ppm) Etat 7T de transition

02 H2 2 + N2 (essai de traction)

500 5 <44 restaurd ih/7500  -240°C
recuit 3h/1. 2000 -240 0C

760 4 <44 restaurd lh/7500  -180 0C
recuit Ih/l. 4300 -700 (gros grain%IL

80 135 <44 restaurd Ih/7500  -700C
recuit 3h/1.2000 -70 0 C

2.4 Duretd

De m8me que les caractdristiques en traction, la duretd est fortement influencie
par la teneur en impuretds (voir 2.8) et par 1'dtat d'.crouissage (voir 2.9). En
fonction de la tempdrature, la duretd varie comme suit:

Temperature (°C) 20 400 600 800 1.000 1.200

Duretd Vickers 95 90 82 50 30 25

2.5 Module d' Elasticiti en Traction

Temperature (oC) 20 400 800 1.200 1.600

E (kg/mm p) 18.500 17.500 16.800 12.000 6.000

2.6 Rdsistance i la Fatigue

La rdsistance & la fatigue en flexion rotative 1 107 alternances est de
25 kg/mm2 1 200 sur mdtal recuit.

K IS ---- -
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2.7 Creep Properties

Depends greatly on purity.

2.7.1 Stress Rupture Data (Mean values):

Electron beam melted metal
cold-worked 95%o and stress- cold-worked 75% and

Temperature relieved 0.25h at 13757F annealed 1h at 2200OF
(OF)

Stress (psi) for a life of
Ih 1Oh lOOh 1h lOh 1Oh

1375 35000 28000 25000 17000 16000 14000
1830 13000 10000 7000
2200 5700 4300 3300
4400 300 -
4700 200 150 J -

2.7.2 Creep Stress

Arc-melted, recrystallized metal. Creep stress (psi)

Elongation Tim Temperature (7F)
1470 1830 2200 2550

O.1h 13000 8500 3500 1400
0.5% 1h 11000 5700 2000 -

10h 8500 - - -

O.1h 14000 10000 4300 2100
1% 1h 13000 8500 2800 1400

10h 11400 5700 2000 -

lOOh 8500 - - -

O. lh 15000 13000 5700 4300
5% 1h 14000 11400 4300 2400

1Oh 13000 8500 2800 1800
lOOh 11400 5700 2000

2.8 Effect of Impurities

The effect of interstitial impurities is practically the same as for niobium (see
Chapter I - Section 2.8) in that they increase ultimate tensile strength and
hardness and produce brittleness.
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2.7 RUsistance an Fluage

Elle dUpend fori:ement de la puretd.

2.7.1 Rupture Diffirie (Valeurs moyennes):

Sur mital fandu par bombardement e'lectronique et
dcroui 95% et j 6croui 75% et

Tempirature res tauri 0, 25h/750°C recuit Ihli. 200°C
d'essai (°C)

Contrainte (kg/mm2) domnantune durge de vie de
Ah 10h lO0h Ah I1h 10h

750 25 20 18 12 11 10
1.000 9 7 .5
1.200 4 3 2,3
2.400 0,2 -
2.600 0,15 O,1

2.7.2 Fluage

Metal fondu ? l'arc-recristallisi. Contraintes de fluage (kg/mm2 )

Allonge- Tempdrature (°C)
ment de en 800 1.e000 pa 1. 200 1.400

0, 1h 9 6 2,5 1
0,5% lh 8 4 1,4 -

10h 6 - - -

0, 1h 10 7 3 1,5
1% lh 9 6 2 1

lOh 8 4 1,4 -
100h 6 - - -

0, ih 11 9 4 3
11h 10 8 3 1,7

10h 9 6 2 1,3
100h 8 4 1,4 -

2.8 Influence des Impuretis

L' influence des impuretds interstitielles est sensiblement la mfme que dans le cas
du niobium (voir Chapitre 1 - Section 2.8) pour augmenter la charge de rupture et la
duretd et procurer une fragilisation.
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Hardness test on cast metal

Oxygen content (ppm) 30 80 150 200 350 500 1000 2000

Vickers number 70 100 120 125 145 175 250 400

2.9 Cold-Working - Stress-Relief - Recrystallization

2.9.1 Cold-Working

Mechanical properties improve according to the degree of cold-working, whereas
ductility is impaired:

Cold-working (%) 0 (a) 50 75 85 90 99

0.2% YS (kpsi) 43 100-114 107-140
UTS (kpsi) 64 107-130 114-145 160
Elongation (%) 25 3-8 1-5

Vickers number 95 145-160 180 190 195-200 220

(a) sintered, cold-worked and recrystallized.

The effect of cold-working on properties at high temperatures is also favourable

up to about recrystallization temperature, but that temperature is lowered by
cold-working.

2.9.2 Stress-Relief

Cold-worked metal may be softened by heat ireatment at 1375-1570°F (15 min to lh)
or at 1800°F (30 min).

2.9.3 Recrystallization

Maximum softening and plasticity are obtained from fine-grain recrystallized
metal. The purer the metal and the higher the cold-working percentage the lower the
recrystallization temperature becomes:

Degree of Temperature for

cold-tsorking(a) complete recrystallization
in Ih

50% on cast 2550OF
75% on cast 2190°F
75% on annealed 2210°F
95% on cast 2360°F

(a) electron beam melted (C 30 ppm, 02 16 ppm, N2 = 10 ppm)•

'21



Duretl sur me'tal could

Teneur en oxyg'ene (ppm) 30 80 150 200 350 j500 1,000 2.000

DuedVces7011001 120 j125 11451 175 250 400I

2.9 Ecrouissage - Restauration - Recristallisation

2.9.1 EcrouissageI

Les caractdristiques mdcaniques augmentent en fonction du degrd d' 'Frouissage

froid, tandis que la ductilitd diminue.

Ecrouissage (76) 0(a) 50 75 85 90 99

LE (kg/mm2) 30 70-80 175-98
R (kg/mm2) 45 75-90 3 0-100 110
A (%) 25 3-8 1-5
Duretd Vickers 95 145-160 I80 ,'90 195-200 220

(a) metal fritte*, edcroui 1 froid et recristallise'.

L' influence de 1'dcrouisqtge sur les caractdristiques i chaud eat dgalement
favorable jusqu'au voisinage de la tempdrature de recristallisation, mais cette
tempdrature est abaissle par l'dcrouissage.

2.9.2 Restauration

On obtient un adoucissement du mital 4crouiA par traitement thermique ~.750-8500C
(1/4 d'heure i lh) ou i 9800C (1/2h).

2.9.3R sse: t edistiola plasticitd maximum sont obtenus pour un mdtal recristallisd

El gainfin Latemdraure e rcritalisaionestd'autant plus basse que le mdtal
eat plus par ou plus dcroui (sauf pour les 4crouissages extremes),.

Degrg Tempegrature de
d'gcrouissage(a) recristal lisat ion

camp late en 1h

50% sur could 1.3950C
75% sur could 1.1900C
75% sur recuit 1.2100C
95% sur could 1.3000C

(a) In~tal fondu par bombardement eflectronique (C =30 ppm - 0 2 =16 ppm - N 2 10 ppm).
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Generally speaking, normal recrystallization heat treatment is given as 2200-

2450OF (1h).

Higher annealing temperatures produce:

- coarsening of the grain where there was little cold-working before annealing
(critical cold-working)-.'

Grain size (mils) after 5% cold-working and annealing

Annealing temperature ('F) 2300 2900 3300 3600 4600

Grain size (mils) 0.4 0.4 4 8 20

- general coarsening of the grain:

Grain size (mils)

Gold-working Anneali g temperature (OF)

(%) 2300 2900 3300 1 3600 4600

50 0.4 0.4 2 6 13
60 0.4 0.4 2 6 12
80 0.2 0.2 2 6 11.5
90 0.2 0.2 1.4 6 11

3. CORROSION BY GASES, CHEMICALS AND LIQUID METALS

3.1 Resistance to Oxidation

Tantalum is slightly more resistant to oxidation than niobium.

Tantalum oxide melts at temperatures exceeding 35000P.

As in the case of niobium, the considerable solid solubility of oxygen in the
metal also causes contamination and brittleness.
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En gdndral, le traitement thermique normal de recristallisation s'op~re A
1.200-1.3500 C (lh).

Pour des tempdratures de recuit plus dlevdes, on observe:

-d'une part un grossissement du grain en cas de faible dcrouissage avant recuit

(dcrouissage critique):

Grosseur de grain (en micruns) apres 4crouissage de 57 et recuit

To de recuit ( IC) 1.250 1.600 1.800 2.000 2.500

Grosseur du grain 10 10 100 200 500

- d'autre part, un grossissement gdn0ral du grain:

Grosseur du grain (en microns)

Ecrouissage Tempirature de rec it ('C)

1 .250 1.600 1.800 2.000 2.500

50 10 10 50 150 320
60 10 10 50 150 300
80 5 5 50 150 290
90 5 5 35 150 280

3. CORROSION PAR LES GAZ, PRODUITS CHIMIQUES ET METAUX FONDUS

3.1 Rdsistance A 1' Oxydation j
Le tantale est tr~s ldg~rement plus r4sistant & 1' oxydation que le niobium.

L'ox~yde de tantale fond & tempdrature supdrieure A 1.9000 C.

Comme darts le cas du niobium, la solubilitd solide mmportante de l'oxyg~ne dans le
mdtal provoque en outre des effets de contamination et de fragilisation.

I •=
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ill 80
80 Oxidation rate of tantalum in air at various temperatures:

Maintained at indicated temperature for 16h
Temperature Weight

(OF) Oxygen Surface loss gain
penetration (scaling) Total (mg/cm2 h)

(mils) (mils) (mils)

1000 4 4 -

1200 4 4 10
14,10 12 12 15
1600 31 23 54 20
1800 60 33 93 30
2000 100 46 146 35
2200 - - 40

See also Figure 2.

The remarkable dielectric properties of tantalum oxide coatings obtained by anodic
oxidation are worthy of mention. They provide an important market for tantalum,
for making electrolytic capacitors giving high capacities in very small volume.

3.2 Resistance to Various Chemicals

Tantalum is highly resistant to corrosion by most chemicals with the exception
of:

"mixtures containing HF or fluorinated products;

hot concentrated NaOli;

concentrated H2SO at more than 4900 F.

Care must be taken in order to avoid any corrosion couple with other metals and
to avoid the embrittling effect of hydrogen.

3.3 Effect of Hydrogen

Tantalum absorbs hydrogen at high temperatures and becomes brittle. Absorption
and embrittlement may also take place at room temperature during deformation. The
metal may also be embrittled during corrosion in aqueous media.

3.4 Resistance to Liquid Metals

Li : Good resistance up to 1800°F (provided that the oxygen content of both Li and
Ta is low; tantalum containing 300 ppm of oxygen is already damaged in
lithium at 15000F).
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Vitesse d'oxydation du tantale dans a1'sir A diffdrentes temperatures:

Maintien 16h &* la to indiquiee

Tempirature Pen'~: o ecs o eGain de poids

(0C)de l'oxyg~ne la surface (mcons)m/c~
____________ (microns) (microns) (irn) __________

540 100 -100 -

650 100 -100 10
760 300 - 300 15I
870 775 580 1.355 20
980 1.500 830 2.330 30

1.090 2.500 1.150 3.650 35
1.200 - - - 40

Voir igalement Figure 2.

A signaler lea propridtds didlectriques remarquables des couches d' oxyde de tantale
obtenues par oxydation anodique, d' oi des ddbouchds intdressants du tantale pour Ia
rdalisation de condensateurs dlectrolytiques ayant de tr~s fortes capacitds sous tin
faible volume.

3.2 R4sistance & Diff~rents Agents Ch~liiques

Le tantale prdsente tine excellente rdsistance A la corrosion vis-A-vis de la
plupart des produits chimiques, A l1'exception dp

mdlanges contenant HF oti produit~s fluords;

NaOH concentrd chaud;

804H2 concentrd ati-dessus de 2500C.

Ii y a lieu cependqnt de veiller h dviter tout couple de corrosion par contact
avec d' autres m4taux et & tenlr compte d' tne certaine fragilisation possible par les
proatiits rddtictetirs.

3.3 influence dunme Atmosphere d'HIydrogkne

Le tantale absorbe l'hydrog~ne A tempdrature dlevde et se fragilise. Mais ce
phdn imhe pent itgalement se produire A tempdrature ambiante pendant une d~formation
m~canique (et il eat d'autant plus marqud que la teneur en 02 oti N. du mdtal eat plus
dlevde). Le m~tal petit Otre 4galement fragilisd par 1' hydrog~ne naissant dans certains
cas de corrosion dana les milieux aquetix.

3.4 P~sistance aux Metaux Fondus

Li bonne rdsistance Jtisqtli' i.000 0 C (i condition que Li et Ta aient des teneurs
faibles en oxyg~ne; tin rant ale contenant 300 ppm d' oxyge'ne est ddj A fortement
attaqu4 dana Li &820 0 C).
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Na : good resistance up to more than 1650 0F. At 1800°F Nb is preferable.

K : good resistance up to 1650°P; at 18000 F, tantalum is totally destroyed
in flowing liquid potassium.

Bi : pronounced intergranular damage at 1800oF. No effect up to 1560PF.

Sn : at l1TO°F slight local corrosion occurs - at 14750F, the corrosion is
slightly more advanced - at 3100OF tantalum dissolves rather rapidly.

4. FABRICATION

4.1 Welding and Brazing

The welding properties of tantalum are excellent, either by the TIG method
(provided that all necessary precautions are taken to avoid contamination of the

metal) or by the electron beam method. The welds are as ductile as the base metal.

The following technique is generally used for brazing tantalum to other metals:

electro-plating with Cu or Ag on both the metals to be joined, ful.nwed by brazing

by the usual methods.

4.2 Forming and Machining

The techniques used are the same as those described for niobium.

5. TANTALUM ALLOYS

5.1 General

Owing to the great density of this metal, in spite of its high melting point the
development of tantalum alloys has been somewhat neglected, preference obviously

being given to tungsten for very high temperatures. Yet it became apparent that
tantalum alloys might have remarkable properties as compared with other refractory
alloys such as absence of all brittle tendency even at very low temperatures, good
welding properties and good machining properties.

Tantalum alloys are also envisaged for spatial nuclear projects operating in a

high temperature range where niobium alloys are no longer of interest and tungsten is
rejected for the time being because of the complicated shaping operations needed.

They are therefore of much interest at present.

The basic approach to alloy development is the same as for niobium.
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Na bonne rdsistance jusqu&i plus de 9000C. A i.0000 C, le Nb est prdfirable.

K bonne resistance Jusqu' & 909)0C. A 1. 0000 C le tantale est totalement ddtruit
gn boucle dynamique.

Bi attaque intergranulaire prononcde i 1.000 0 C. Par d'effet Jusqu'& 850 0C.

Sn &6300, ).l y a ldgkre corrosion locale -&8000 la corrosion est un peu plus
poussde - ?4 1.7400, le tantale se dissout assez rapidement.

4.1 Soudage et BrasageENEVEpdatin :~~~a~io1 I~ odto

Pa our ble raag du tantale & d' autrles n~ta, sonpa utlase gdthdra e teG(cnditioe

suivante:, dlectroplacage de cu ou Ag sur les deux mdtaux & rolier et brasago par los
proc~dds habituels.

14.2 Mise en Forme - sng

Le3s mftes techniques que celles ddcrites dans le cas du niobium sont utilisdes.

S. ALLIAGES DE TA1NTALE

Par suite de la forte densitd de ce mdtal, et malgrd son haut point de fusion, le
perfectionnenont des alliages de tantale a Atd ouelque peu ddlaissd, la prdfdrence
dtant dvidemment donn~e au tungst~ne pour les tras hautes tempdratures. Cependant,
ii est apparu que les alliages de tantale pouvalent avoir des propridtds remarquablesI par rapport aux autres alliages rdfractaires: absence de toute fragilisation, mmeo aux
tr~s basses teinpdratures, bonne soudabilitd, bonne usinabilitd.j ~Les alliages de tantale sont 4galement envisag~s pour les conceptions nucle'aires
spatiales opdrant dans des zones de tempdratures dlevdes oai les alliages de niobium
perdont leur intdr@t et oil le tungstane est pour 1'instant rejetd du fait qu' 11 y a

I ~lieu de rdaliser des formages complexes. Ils sont donc 1'objet d'un tr~s gros regain
I ~d'inte'ret,

Los principes de base d obtention d' alliages de tantale sont los manes que ceux
nuivis dens 1e can du niobium.
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5.2 Solid Solution Strengthening

Remembering that the higher its melting point, the more active an addition is,
there is scarcely any of the usual metals other than tungsten which can make any
improvement. But additions of Mo, Hf. V are also effective. It should be pointed
out that rhenium has considerable solid solubility in Ta (45% at 37000F - 48%
at 45000 F).

Since there is complete solid solubility between the four metals.' W, Ta, Mo, Nb,
their various combinations have been widely invest3gated.

The action of these various elements may be summed up as follows:

Fabricability : no harmful action up to 10-15%;

Plasticity : Hf, V, Nb : no appreciable effect;
Mo (>5%) and W (>20%) considerably increase the transition

temperature;

Recrystallization : Titanium red'jces recrystallization temperature
Hf, V, Nb hace little effect,
Mo, W distinctly increase recrystallization;

Welding properties : same remark as for plasticity, but Hf has an adverse
effect at more than 10%;

Resistance at high temperatures : the most effective elements are : Mo, W, V,
Hf and Zr - Ti to some extent - Nb not at all.

The optimum nombinations (i.e. those which give maximum tensile strength while
remaining workable and ductile at room temperature are:

2700OF 3000OF 3500OFSystem Alloy UTS (kpsi) U7S (kpsi) QiS (kpst)

Ta - 6 4 3.5
Ta-Hf 15 Hf 27 18(1OHf) 6(5Hf)
Ta-Mo 7.5 Mo 32 21 9(5Mo)
Ta-V 7.5 V 30 13(5V)
Ta-W 15 W 35 24 13(12W)
Ta-Nb-V 20Nb-10V 28 10(3ONb,7.5V)
Ta-if-W 5Hf-10W 38 28 11(5Hf-5W)
Ta-Mo-Hf 5Mo-5Hf 43 25 -

Ta-Mo-V 5Mo-5V 40 21 9
Ta-V-W 2.5V-10W 32 20 -

Ta-W-Mo 7.5W-5Mo 44 25 13(1OW-2.5Mo)

Titanium' (complete solid solubility) has some hardening effect (maximum at
about 2- .25%) without impairing fabricability.

up to 40%.
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5.2 Durcissement par Solution Solide

Si 1'on consid~re que 1'addition eat O autant plus active que sa tempdrature de
fusion eat plus dlevde, ii n' y a gu~re que le tungst~ne jarmi lea in~taux courants
qui puisse procurer une am~lioration. Cependant, des add"-1:,s de Mo, Hf, V, sont
dgalement efficaces. A signaler que le rb4nium a une large solubilit4 solide dana
Ta (45% 1 2.O000C - 48% 1 2.4600 C).

Les quatre mdtaux U, Ta, Mo, Nb prdsentant entre eux une solubilitd solideJ compi~te, leurs combinaisons diverses ont dtd largement explordes.

On peut rdsuner comine suit l action de ces diffdrents 4ldments:

Fabricabilitd :pas d'action nocive jusqu'k 10-15%;

Plasticitd Hf, V, Nb :pas d' action notable;
Mo (>5%) et W(>20%) augmentent fortement la temp~rature de

transition;

Recristallisation :le Titane diminue la temp~rature de recriatallisation;
Hf, V, rib ont peu d' ef fet;
Mo, U l augmentent nettement;

Soudabilitd m~me remarque que pour la plasticit4, le Hf devenant cependant
ndfaste i plus de 10%;

Rdsistance i chaud :lea 4l4ments lea plus efficaces sont Mo, W, V, Hf, Zr - Ti
dana une certaine mesure - Nb n' a pas d' effet.

Lea combinaisona optimum (c' est-&-dire donnant la charge de rupture maximum, tout
en restant fabricables et ductiles A 200C) sont approximativement lea suivantes:

Syst~me Alliage B1.4800C 1.6500C 1.9250C
R(kg/mmn2) R (kg/mm2) B (kg/mm2)

Ta -4 3 3
Ta-Hf 15 Hf A9 13(lOHf) 4(SHf)
Ta-Mo 7,5 Mo 22 15 6(5Mo)
Ta-V 7.5 V 21 9(5V)
Ta-U 15 U 25 17 9(12W,
Ta-Nb-V 2ONb-IOV 20 7(30Nb,7,5V)-
Ta-Hf-U 5Hf -low 27 20 8(5Hf-5U)
Ta-Mo-Hf 5Mo-SHf 30 18
Ta-Mo-V 5Mo-5V 28 15 6
Ta-V-U 2,5V-1OW 22 14
Ta-U-Mo 7,5W-5Mo 31 18 9(I0U-2,5Mo)

Le titane* (solubilit4 solide complete) durcit peu (effet maximum
vera 20-25%) sans changer la fabricabilitd.

jusqu& 40%.
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5.3 Dispersion Strengthening

(a) Natural dispersion hardening, making use of Ti-Zr on the one hand and

02-C-N2 on the other, carbon probably being the most interesting, as in the case of
niobium, for its solubility is still very low at high temperatures (0.01% at. 2200 0F),
whereas the solubilities of 02 and N2 are 0.25% and 0.45% respectively, which makes
them less apt to form new phases. Alloys containing 1% Zr + 0.08% C are capable of
pronounced hardening by "annealing" heat treatment at a temperature of
*;300-37000 P.

(b) Artificial dispersion strengthening by the addition of various compounds,
such as TaC.

Small additions of C or N distinctly improve the prnl.jrties of the alloys Ta-8W-2Hf
(Tl1l) at high temperatures without much impairing ductility. Small additions of
rhenium or ruthenium have a very marked effect. 2.5% Ru is sufficient to raise the
ductile-to-brittle transition temperature sharply, Small additions of Ru, Re or Os
raise the recrystallization temperature appreciably. The replacement of 1% W by
1% Re in the alloy Ta-10W increases its ultimate tensile strength by 50% at 35000 F.
It is difficult to say at present whether this is a solid solution effect or a

dispersion effect.

AS (kpsi) Minimum bend radius
A l lo yat 3 0 Oat 3500°F at 70°F at -320°F

Ta-loW 10 0 0
Ta-5W-2.5Ru 14 7 T 18 T
Ta-7.5W-2.5Re 15 0 0
Ta-5W-5Re 17 3 T 18 T

Ta-5W-2.5Mo-lZr 16 0 5 T

3.4 Composition of Some Alloys

The following table gives a list of toe principal tantalum alloys:

Producer Reference Composition (%)
number W Hf V Mo Nb Other 02

Haynes Stellite Ta782 10
Stauffer STa900 10
Stauffer STa80 12.5 low
(Battelle) 10 ZrB
(Battelle) 17
Westinghouse T222 10 2.5 C 0.01
(Battelle) 10 2.5
N.R.C. 10 C

plus grain refiner. (Continued)

i.I
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5.3 Durcissement par Phase Dispersie

(a) Durcissement par dispersion naturelle en jouant sur Ti-Zr d'une part,
0 2 -C-N 2 d' autre part, le carbone dtant probableinent le plus intdressant, connie dans
le cas du niobium, car sa solubilitd reste trbs faible A haute tempdrature (0,01% 1
1.2000 C), tandis que les solubilitds de 02 et N 2 A cette mgnie tempdrature sont
respectiveinent 0, 25% et 0, 45%, ce qui les rend momns disponibles pour former des
phases nouvelles. Des alliages contenant 1% de Zr + 0,08%C sont susceptibles de
durcissenient prononcd par traitement thermique de "revenu" A6 tempdrature de
1.800-2. 0000 C.

(b) Durcissenent par dispersion artificielle en faisant des additions de coinposds
divers, notainment de TaC.

De faibles additions de C ou N amdliorent nettenient les caract~ristiques A chaud
de l' alliage Ta-8W-2Hf (Till) sans trop nuire & la ductilitd. De faibles additions
de rhdnium ou ruthdnium ont un effet tr~s marqud., L' addition de 2, 5% Ru suffit pourI ,augmenter tr~s fortement !a tempdrature de transition ductile-fragile. De faibles
additions de Ru, Re, Os 6lbvent nettement la tempe'rature de recristallisation.
La substitution de 1% de Re & 1% de W dams 1' alliage Ta-lOW, augmente de 50% la charge
de rupture i 1.925 0 C. Il est difficile de dire pour 1' instant s'il s'agit d'un
effet de sointion solide ou d'un effet de dispersion.

Blig (kg/MM2) Rayon minirnun de pliage
Alliage~~ 1 .9250C20 I5

Ta-lOW 7,2 0 0
Ta-5W-2,5Ru 9,8 7 T 18 T
Ta-7, 5W-2,5Me 10,6 0 0
Ta-5W-5Re 12 3 T 18 T
Ta-5W-2, 5Mo-lZr 11 0 5 T

5.4 Composition des Principaux Alliages

Le tableau ci-apr~s donne la liste des principaux alliages de tantale:

Producteur De'signa- Cor osition (%)
tion F, Hf V TMo NbA Autres 02

Haynes Stellite TA782 10
Stauffer STa900 10
Stauffer SUaM8 12,5 low
(Battelle) 10 Zn
(Battelle) 17
Westinghouse T222 10 2,5 C 0.01
(Battelle) 10 2,5
N.R.C 10 C

plus affinant du grain. (Voir page-suivante)
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Producer Reference Co0position(%)
number W Hf V Mo INb Other 02

Westinghouse•
N.R.C. e Tl11M 8 2 0.01

Westinghouse Tl11L 8 2 0.003
General Electric GE473 8 Re 2.5
(Battelle) 5 10
(Battelle) 5 2.5
(Battelle) 7.5 30

Numerous research programmes on tantalum alloys are now in progress in the

United States.

These programmes include:

T

Sponsor Subject of resecrch Organisation Alloy

Air Force Ta-alloy Processing Development - Battelle and Ta-5W-2.5Mo
Group I Du Pont Ta-1OW-2.5Mo

Air Force Ta-alloy Processing Development - Battelle and Ta-17W
Group II Du Pont Ta-10W-lZr

Air Force Ta-alloy.Extrusion Program Wah-Chang Ta-10W
Air Forde Ta-alloy Sheet Development Battelle Ta-30Nb-7.5V

I Ta-10Hf-SW

Air Force Large-diameter refractory alloy Oremet Ta-30Nb-7.5V
ingots

Department of Refractory alloy Sdeet Rolling Wah-Chang Ta-30Nb-7.5V
Defense Program(a)

Air Force Refractory alloy Foil Du '.,ont Ta-10W
Developoput (b) Ta-8W-2Hf

Navy Refractory alloy Sheet Rolling Westinghouse Till et T222
Program

(a) Production of 30 sheets, 36 in x 96 in.
(b) Production of strip, 12 in (later 24 in) wide and 0.001 in to 0.004 in thick.

Ii
II

-oI
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Producteur Disigncz- Cornposition(%
tion W Hf V Mo Nb Autres 02

Westinghouse J TI1M 8 2 0,01
N.R.C.
Westinghouse T111L 8 2 0,003
General Electric GE473 8 Le 2,5
(Battelle) 5 10
(Battelle) 5 2, 5
(Battelle) 7,5 30

De tras nombreux programmes de recherches sur les alliages de tantale sont
actuellement engages aux Etats-Unis.

Parmi les principaux programmes, on peut citer:

Sponsor Obj et Organisa- Alliages
tion

Air Force Ta-alloy Processing Development - Battelle Ta-5W-2,5Mo

Group I et Du Pont Ta-1OW-2,5Mo

Air Force Ta-alloy Processing Development - Battelle Ta-17W
Group II et Du Pont Ta-10W-lZr

Air Force Ta-alloy Extrusion Program Wah-Chang Ta-lOW
Air Force Ta-alloy Sheet Development Battelle Ta-30Nb-7, 5V

Ta-IOHf-5W
Air Force Large-diameter refractory alloy Oremet Ta-30Nb-7,5V

ingots
Department of Refractory alloy Sheet Rolling Wah-Chang Ta-30Nb-7,5V

Defense Program(a)

Air Force Refractory alloy Foil Du Pont Ta-10W
Development (b) Ta-8W-2Hf t

Navy Refractory alloy Sheet Rolling Westinghouse TIll at T222
Program

(a) Production de 30 t6les de 900 x 2.400 mm
(b) Production de bandes de 300 (puis 600 mm) de large. et 0,02 ' 0,1 mm d'e'pais.

I• -___________-__________________•
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6. PHYSICAL PROPERTIES OF SOME ALLOYS II
Thermal Coefficient of Electrical

Density Melting conductivity thermal expansion

Alloy De,/l/nsit point at B. T. thratl expansiron resistivityAll/ ' p(OF) (Btu ft/h at inch/in OF) (micro-cm)

ft2 OF) inhi F

Ta-loW 0.608 5520 3 4 (a) 3.5

Ta-12.5W 0.610 5550

Ta-10W-2.5Hf 0.61 -

ra-lOW-2.5Mo 0.60 -

Ta-8W-2Hf 0.604 5420 3.1 22 (b)

Ta-5W-2.5Mo 0.595

Ta-7.5V-3ONb 0.425 4390

(a) Decreases as temperature increases: 28 at 3800 0O.

20.5 at 5500 0 F.
(b) 65 at 2200 0°.

7. MECHANICAL PROPERTIES OF SOME ALLOYS

7.1 Tensile Properties at High Temperatures

(Mean values)

70°F 2200°F 2400°F 2700°F 3000OF 3500OF

Alloy State(a) ~ ~ .~USE

(kpsi) ( (kpsi) ( (kpisi) (%): (kpsi) ( (kpsi) i()(kpsi)(•

Ta-10W L-B 160 170 - 50 40 14

L-D 100 110 6 34 58 11 35 40 19 15 20 84
L-R 76 93 20 23 37 30 35 18

B-B 160 170 -
B-D 100 110 5 34 38 13

B-R 72 85 30 30 37 30

M-E 17-5 185 2.5

M-E-R 95 27

Ta-12.SW L-R 90 102 23 23 33 30 17 21 5510 13 52

Ta-10W-2.5Hf L-D 143 150 12 69 80 18 50 57 25 28 33 40

(T222) L-R 100 110 28 40 68 17 37 53 20 28 33 22 24 26 24 13 14 43

Ta-10W-2.5Mo L-B 23 32

L-R 107110 31 30 34 7224 27 7618 26 77 1 14 78

For reference (a) see page 92. (Continued)
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6. P2OPRIETES PHYSIQUES DES PRINCIPAUX ALLIAGES

Conducti- Coefficient Rgsisti-

ensite Tempe'rature bilit' de viti
Alliage (g/cm 3) de fusion thermique dilatation electriquegcM(°c) 4200

((cal/cm °C s) t006/oC (microhm-cm)

Ta-10W 16,8 3.035 0 , 14 0(a) 6,30
Ta-12,5W 16,9 3.050
Ta-10W-2, 5Hf 16,9
Ta-10W-2,5Mo 16,6
Ta-8W-2Hf 16,7 2.980 5,58 22(b)
Ta-5W-2, 5Mo 16, 5
Ta-7,5V-3ONb 11,8 2.420

(a) diminue lorsque la temnp:ature augmente: 0,115 ' 2.000°C
0, 085 i 3. 00°0 C.

(b) 65 ' 1.2000 C.

7. PROPRIETES MECANIQUES DES PRINCIPAUX ALLIAGES

7.1 Caractiristiques MNcaniques en Traction k Chaud
(Valeurs moyennes)

200C 1.2000 C 1.3200C 1.480'C 1.6500C 1.9250C

A e Etati) LE R A LEB R A LE R A LE R A LEI R A LE B A

2 2 2 2 2 2(kg/, (•) (kg/ma) (%) (kg/am ) (M) (kg/,u) (%)) kg/m l ) ( (kg/a ) (%)

Ta-10W L-B 112 119 - 35 28 10
L-D 70 77 6 24 41 11 25 28 19 11 14 84
L-R 53 65 20 16 26 30 25 13
B-B 112 119 -
B-D 70 77 5 24 27 13
B-R 50 60 30 21 26 30
M-E 124 131 2,5

M-E-R 61 67 27

Ta-12,5W L-R 63 71 23 16 23 30 12 15 55 7 9 52

Ta-1OW-2, SHf L-D 100 105 1 48 56 18 35 40 25 20 23 40
(T 222) L-R 70 77 28 28 47 172 372020232 171824 9 10 43

Ta-10W-2, 5o L-B 16 22

L-R 751e771311 21 247217 93191 761318 pag778 8101t78

jVoir r~fe'rence (a) (page 93). (Voi~r page suivante)
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S70OF 2200OF 2400OF 2700°F 3000OF 7500°F

AlloyEI.YSUT Ettea I. YSRI E.YSIJTS E1 YS I TS ElI. Y'S IUTS El.
(kpsi) (%) (kpsi) (%) (kpsi) (%) (kpsi) (M) (kpsi) (%) (kpsz) (%

Ta-8W-2Hf L-D 130 145 10 51 68 20 35 41 28 21 25 76 17 19 50 10 12 41

(TI1iL) L-R 80 90 29 28 50 25 33 38 36 24 32 3011 15 48 11 13 34
M-E 180 192 2.5

M-E-R 94 103 301

Ta-8W-2If L-D 130 137 15,80 85 15 50 57 25 24 30 64 20 22 60
(TI11M) L-R 17 19 46

Ta-5W-2.SMo L-B 40 53 30 40 20 30
L-R 100 107 31 124 27 75 18 22 85 13 18 120 8 10 120

Ta-lOHf-SW L-R 132 135 16 38 60 40 15 19 66
L-R 100 110 25 40 50 10 34 40 50 20 24 36 17 20 40

Ta-7.5V-3ONb L-B 48 62 35 21 35 76
L-D 140 155 16 30 40 65
L-R 106 120 28 30 40 50 24 30 85 13 15 100 9 10 100 4

Ta-8-2.5Re L-R 91 107 24 24 34 70 21 27 54 17 20 49 11 14 32

(GE473)

(a) 1st index L = sheet, B = forged or swaged bar, M = thin sheet (T • 0.012 in).
2nd index B = as rolled or as forged, D = stress-relieved, E - cold worked 90%,

R = recrystallized.

7.2 Materials Advisory Board Targets

The Materials Advisory Board has laid down the following target figures for an
advanced alloy:

in optimum conditions Elongation at rupture at room temperature : 15%

Tensile properties (kpsi):
0.2% YS UTS

at 2400°F .. 30 .. 35

at 3000°F .. 15 .. 25

at 3300°F .. 10 .. 15

UTS unnotched/notched ratio at room
temperature : 1.2

Ductile-to-brittle transition temperature : less

than -320°F

Bend test at room temperature : 1 T (base metal)
2 T (weld)

in recrystallized conditions: Elongation at rupture at room temperature : 20%

Tensile properties at 3500°F : 0.2% YS 10 kpsi
UTS 15 kpsi
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200C 1. 200"C 13200C 1,80°C 1,650°C 925C ....

AIIiage Etat(a) LE R A LE R A LE R A LE R A LE B A LE R A

(kg/,, 2) (%) (kg/mm,2)l) (kg/m2) () (kg/am2 ) (%) (kg/.,, 2) (%) (kg/,, ) (a )
1 911 , I Iinm M

Ta-8W-2Hf L-D 91 103 10 36 47 20 25 29 28 15 18 76 12 13 50 7 8 41
(T IlIL) L-R 56 63 29 20 35 25 23 27 36 17 22 30 8 11 48 8 9 34

M-E 125 134 2,5
M-E-R 66 72 30

Ta-8W-2Hf L-D 91 96 15 56 60 15 35 40 25 17 21 64 14 15 60
(T HIM) L-R 12 13 46

Ta-5W-2, 5Mo L-B 28 37 21 28 14 21
L-R 70 75 31 17 19 75 13 15 85 9 13 120 6 7 120

Ta-•OHf-5W L-R 92 95 16 27 42 40 11 13 66
L-R 70 77 25 28 35 10 24 28 50 14 17 36 12 14 40

Ta-7,5V-3ONb L-B 34 43 35 15 25 76
L-D 98 107 16 21 28 65
L-R 74 84 28 21 28 50 17 21 85 9 11 100 6 7 100 3

Ta-8W-2,5Re L-R 64 75 24 17 24 70 15 19 54 12 14 49 8 10 32
I(r• 473) 1

(a) ler indice L = lamine, B = barre, M = t8le mince e < 0,3 mm.
26me indice B = brut de fabrication, D restaure', R = recristallise,

E = dcroui i froid 90%.

7.2 Specifications du Materials Advisory Board

!,q Materials Advisory Board a d~fini comme suit les buts i atteindre, pour un
alliage avancd:

dans les conditions optima: Allongement de rupture i 20 0C .... 15%9o

Caractdristiques en traction:
A 1.3200C .. LE = 21 kg/mm2 R = 24,5 kg/rM2

A 1.6500C .. LE = 11 kg/mm2 R = 17,5 kg/mm2

A 1.825 0C .. LE = 7 kg/rn 2 R = 11 kg/M 2

R entaillle/R lisse = 1,2 1 200C

Tempdrature de transition ductile-fragile •<- 195°C

Pliage & 200 *, 1 T (mdtal de base)
2 T (mdtal soudd)

dans l'dtat recristallisd Allongement de rupture h 200C .... 20%

Caractdristiques en traction:
A 1.950 0C .. LE = 7 kg/mm2 R 10,5 kg/MM2

• _____ ______ ________

m m m m u u mmm • m m
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7.3 Creep Properties

7.3.1 Stress Rupture Data

(Estimated or mean values in kpsi)

Alloy State(a) 2000OF 2400OF 2700OF 3000OF 3500OF
1hIOh 1 hI 1Oh Ih 10h 1h 1Oh lh I1h

Ta-IOW L-D 53 46 30 23 20 14 13 9 4.3
L-R 50 20 14 7

Ta-7.5V-3ONb

Ta-5W-2.5Mo L-R 18 11 6 3.5

Ta-8W-2Hf L-D 32 20
(TlllL) L-R 32 21

Ta-8W-2Hf L-D 33 22
(TI11M)

Ta-10W-2.5Mo L-R 21 17 8 5

Ta-10W-2.5Hf L-R 65* 53* 41 34 15
(T222)
Ta-8W-2.5Re L-R 8 5
(NE473)

(a) 1st index : L = sheet, 2nd index :D= stress-relieved, R recrystallized. * at 22000F.

7.3.2 Creep Stress

The few results published so far relate to tests on laboratory produced
specimens; only representative values can thus be given at present.

The following results are illustrative:

Alloy State(a) Temperature Stress Creep elongation
(OF) (psi) (M)

Ta-10W L-R 2800 3000 0.2% in 1 hour
2000 43000 2% in 1 hour

(a) L-R recrystallized sheet.
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7.3 Caractdristiques de Fluage

7.3.1 Rupture Differgee

Valeurs mayennes ou estimdes (en kg/mm 2)

Alig Ea~) 1.0900C 1.3200C 1.4800C 1.6500C 1.9250C
Aiae Eaa) lh 10h lh 10h Ah 10h lh 10h Ah 10h

Ta-lOW L-D 37 32 ~ 21 171707
L-R 35 14 10 5

Ta-'?, 5V-3ONb

Ta-5W-2,5Mo L-R 13 8 4 2,5

Ta-8W-2Hf L-D 22 14
(T 111L) L-R 22 15

Ta-8W-2Hf L-D 23 15
(T HIM)

Ta-1OW-2, SWo L-R 15 12 5, 5 3,5

Ta-1OW-2, Slif L-R 45* 37* 29 24 11
(T 222)
Ta-8W-2,5Re L-R 5,6 3,5
(GE. 473)

(a) ler ludice L =lamin4. 2kme indice D =restaure', R =recristallis4. 'a~ 12000C.

7.3.2 Fluage

Le peu de rdsultats publids jusqu' ic est relatif ~.des essais sur des dchant~i11ons
produits en laborataire. On ne peut donc donner pour 1' instant de valeurs

-reprdsentatives.

A titre indicatif, les rdsultats ci-dessous sont pre'nentdsn.

Allag Etfa Tempgrature Contrainte Allongement de

Aae a.( 0c) (kg!m' I luage (%.)

Ta-lOW L-R 1.540 20,2 en lb
1.090 30 2 en lb

(a) L-R lamineg recristallise.
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7.4 Young' s Modulus (millions of psi)

Temperature (7F)
Alloy

70 2000 2500 3000

Ta-10W 28 15 10 6.5

Ta-8W-2Hf 28

Ta-7.5V-3ONb 22

7.5 Stre,.,-Relief and Recrystallization

As in the case o! tantalum pure metal, the conditions appropriate to heat
treatments for stress-relief and recrystallization depend very largely on how the metal
has been produced, its degree of hot or cold work and its interstitial impurity
content.

The following are the most commonly applied treatments:

Alloy State(a) Recrystallization Stress-relief
treatment treatment

Ta-1OW L lh at 2600-2500°F 3h at 2253°P
B lh at 2750OF lh at 2200°F

Ta-12.5W L lh at 2750-2900°F lh at 2000-2400°F
Ta-10W-2.5Hf L lh at 3000°F lh at 2000°F
(T222)
Ta-10W-2.5Mo L lh at 2750-3100°F lh at 2000-2400°F
Ta-8W-211f L lh at 3000°F 3h at 2250°F or
(TIIIM) lh at 2350°F
(TlIL) L lh at 3000OF lh at 2000OF
Ta-5W-2.5Mo L lh at 2550°F lh at 2000°F

B lh at 2800OF
Ta-7.5V-30Nb L lh at 2200-2350OF %h at 1800-2020°F
GE-473 L lh at 2750-2800°F

(a) L = sheet, B = forged or swaged bar.

7.6 Ductile-to-Brittle Transition Temperature

A great part of the interest of current tantalum alloys lies in the fact that
their ductile-to-brittle transition temperatures are extremely low.

I
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7.4 Module d' Elasticit4 (kg/mm2)

Allige ________ Temp~rature ('C)

20 1.090 1.370 1.650

Ta-lOW 20.000 10.500 7.000 4.500

T~a-8W-2Hf 20. 000

Ta-7,5V-3ONb 15.500

7.5 Restauration et Recristallisation cniin

traitements thermiques de restauration ou de recristallisation ddpenmient fortement
de l'historique de la fabrication du m~tal, de son degrd d'dcrouissage A chaud ou AI ~froid, de sa teneur en impuret~s interstitiellez'.

Les traitements appliquds le plus couramment sont les suivants:

Alliage Etat(a) Traitement de Traitement de
recristallisation de'tente-restauration

'fa-l0w L lb A i.430-l.3700C 3h A 1.2250C
B ili & 1.5o00C lh & 1.2000C

Ta-12,5W L lb A 1.500-1.6000C lb A 1.090-1.3000C
Ta-lOW-2,5Hf L lb A 1.6500C lb A 1.0900C
(T 222)
Ta-lOW-2,5Mo L lb A 1.500-1,7000C lb A 1.090-1.3000C
Ta-3W-2Hf L lb A 1.6500C 3h AL 1.2250C ou
(T HIlM) lb A 1.3000C
(T 111L) L lb A 1.6500C lb. A 1.0900C
Ta-5W-2,5Mo L lb & 1.4000C lb i 1.0900C

B lb 1 .5400C
Ta-7,5V-30r~h L lb a 1.200-1.3000C 1/2h i 980-1. 1000C
GE-473 L lb i 1.500-1.6000C __________

(a) L =lamind. B = barre.

7.6 Transition Ductilie-Fragile

Leiligsd atl cul rsnet e eprtrsd rn~indcie
fragile~~~~~ ~ ~ ~ ~ ~ ~ -xrmmn bass et2etc u osiu n rnepri elu
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j The following table shows a number of low-temperature properties:

I� Ductile-to-britt le

Tensile propert iess trans i tion
temperature (OF)

Alloy State(a) -320OF -420OF -451OF Tensile test Bend
0..27IJBend-"U' . l VS 6 I]no- .n

Y SI YSS ' 5 nt - not- Lng
?p 770) ched •

(kpsi) '/V /J (kpsi) - ched test

] Ta-10W L 170j180 8
B-D 207 80 240 70 <-420 <-420

B-R 150 75 170 62 <-420 <-390

Ta-12.5W 1.-R -<-320

Ta-10W-2.5Hf L-R 176 183 28 51 <-320

(T222)

Ta-10W-2.5Mo L-R -150 <-320

Ta-8W-2Hf L-D 183 190 18 232 0. 5 41 <-454

(TlllL) L-R 144 152 27 190 17 <-454

Ta-8W-2Hf L-D 186 195 13 16 <-454

(TI11M)

Ta-8W-2. 5Re L-R <-320

Ta-5W-2.5Mo L-R <-320

Ta-10Hf-5W L-R 158 160 6

Ta-7.5V-30Nb L-R 142 156 28 <-320

Ta-8W-2.5Re L-R 151 180 36
(GE473)

(a) 1st index: L = sheet. B = bars. 2nd index: D stress-relieved. R = recrystallized.

(b) e = reduction of area.

8. CORROSION OF ALLOYS BY GASES, CHEMICALS
AND LIQUID METALS

8.1 Resistance to Oxidation - General

As in the case of niobium, research has made it possible to evaluate the effects

of various additives (but the studies have been less intensive).I . Resistance to oxidation "per se"within a temperature range of 1800-2600°F:,



Le tableau ci-apr~s Drdsente quelques 
caract4ristiques basse tempdrature: 9

Caracte'ristiques en tract ion(b) To de transition

ductile-fragile (0G)

Alliage Etat(a) I
-195 0C -2500'C -269o C Traction

Ta-IOW L 0 <-250

BR 105 751 120 162 <-250 <-230

Ta-IOW-2,5Hf L-R 123 128 28 51 <-195
'(T 222)ý

Ta-1OW-2, SMo L-R -100 <-195¶Ta-8W-2Hf L-D 128 133 18 1620, 541 <-269
(T 111L) L-R 101 106 27 133 17 <-269

Ta-8W-2Hf L-D 130 136 13 16 <-269
(T 111M)

Ta-8W-2, 5Re L-R <-195

Ta-5W-2,5Mo L-R <-195

Ta-lOHf-5W L-R 111 112 6

Ta-7,5V-3ONb L-R 100 110 28 <-195

Ta-8W-2,5Re L-R 106 125 36
(GE 473)

A(a) ler indice: L = lamine'. B = barre. 2e'me indice :D =restaure'. R =recristallise'.

(b) e = striction.I 8. CORROSION DES ALLIAGES PAR LES GAZ,
PRODUITS CHINIQUES ET METAUX FONDUS

8.1 Ridsistance i 1'Oxydation - Ge'mjraliids

Comme dans le cas du niobium, des 4tudes (mains intensives cependant) ont permisI
d' apprdcier l1'action de diffe'rents 614ments d' addition:

Pour la re~sistance a l'oxydat ion proprement dite, dans Ia zone de temp~ratures
1.000-1.4000 C:
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Ti, Zr and Hf are the most effective;
V and Nb are modqrately effective at 1800-22000 F,
Cr, Mo, W,°Si, B, Fe, Ni, Y have very little effect.

Ternary combinations have no- advantages.

In all cases, oxidation rates are not low enough to dispense with protective

coatings.

Resistance to contamination:

Th, Si, Ti, Zr and Hf have some effect,

W, V, Re and Mo have a very slight effect.

The oxidation rate of the alloy Ta-lOW is about two-thirds that of pure tantalum
metal.

8.2 Resistance to Chemicals

Little information concerning alloys is available. The addition of up to 20-30%
titanium does not impair the corrosion resistance of tantalum in HNO 3 and HC1.

8.3 Resistance to Liquid Metals

The alloy Ta-8W-2Hf has approximately the same resistance to liquid metals as
pure tantalum metal.

It is highly resistant to liquid caesium (100 hours at 25000 F).

9. FABRICATION

9.1 Welding

Alloy Welding properties

Ta-lOW Good. Preferably in annealed state. Ductility much the same
as that of the base metal.

Ta-12.5W Good. Preferably in annealed state. Bend on 4T at 700F.

Yet transition temperature is raised.

Ta-10W-2.5Hf Good. Ductile-to-brittle transition temperature <-2400 F.
(T222)

Ta-10W-2.5Mo Poor. Weld brittle at room temperature, ductile at +400 0F.

Ta-8W-2Hf Good. Preferably under helium atmosphere. Ductiitty still good
at -200°F (bead on 2T).

(Continued)



Ti, Zr, Hf ant 1'action la plus efficace,10
V. Nb ant une action moddrde 4 1.000-1.2000C,
Cr, Mo, Vt. Si, B, Fe, Ni, Y ant une tr~s faible influence.

Des conbinaisons ternaires n' apportent pas d' avantages.

Dans tous les cas, les vitesses d' oxydation ne sont pas suffisamment faibles
pour dviter un rev~tenent protecteur.

Pour la re'sistance & la contamination:

Th, Si, Ti, Zr, Hf ant une certaine efficacitd,

W. V, Re, Mo ant une action tr~s faible.

La vitesse d' oxydation de 1'alliag3 Ta-lOW est environ les deux tiers de celle
du tantale non allid.

8.2 Risistance aux Produits Chiuiques

Peu d' informations sont disponibles pour les alliages. LV addition de titane

jusqu' A 20-30% n'alt~re pas la rdsistance & la corrosion du tantale dans HNO 3et HCl.

8.3 Rgsistan~e aux Me'taux Fondus

V' alliage Ta-8W-2Hf a sensiblement la m~me r~sistance aux mdtaux fondus que le
tantale non allid.

Il rdsiste tr~s bien au cdsium fondu (100h-l.3800C).

9. MISE EN OEUVRE

9.1 Soudage

Ailiage Soudabi lite'

Ta-lOW Bonne. De prdfdrence sur dtat recuit. Ductilite' tr~s voisine
de celle du ne'tal de base.

Ta-12,5W Bonne. De pre'fdrence sur e'tat recuit. Pliage A 4T A 200C.
_________________________ Cependant, la temp4rature de transition est auginente'e.

Ta-1OW-2,5Hf Bonne. Temperature de t:,nsition ductile-fragile <-150 0C.
(T 222)

Ta-lOW-2,5Mo Mauvaise. Soudure fragile A 20 0C, ductile 'a +2000C.

Ta-8W-2Hf Bonne. De prdfdrence sous h~lium. Ductilitd encore tr~s bonne
A-130 0C (Pliage A2T).

(Voir page suivante)
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I
Alloy Welding properties

Ta-8W-2.5Re Good. 'Velds ductile at room temperature.

Ta-5W-2.5Mo Fairly good. Welds remain ductile at room temperature,

Ta-lOHf-5W Poor. Weld is brittle at room temperature.

Ta-7.5V-3ONb Good.

The above considerations apply to TIG fusion arc welding (unless otherwise
stated).

9.2 Brazing

Little research has been done in this field because the fusion welding properties
of tantalum alloys are generally good.

The same brazing solders as are used for Nb have been envisaged, although their
acceptable working temperaturas do not accord with the working temperatures under
consideration for tantalum alloys.

Promiring brazing alloys may be found in the system: Nb + 10 to 301o V + 10
to 30% Ta. I

It is proposed to use mixtures of alloys with relatively low melting points and
powders, to form new alloys by diffusion and remelt at high temperatures
("diffusion sink technique"); hence, working temperatures would be improved. For
example, for the brazing of the alloy Ta-lOW:

Brazing alloy Melting Reme 1 t
point Addition (powder) temert

Zr Ti V Fe Si Mo Ta (F) temperature

43 25 32 2230 Mo or Nb + C or B
66 27 7 2700 Ta equal to
69 29 2 2820 Ta or Mo or over

28 47 15 10 3000 Ta 34000F
52 21.5 1.5 25 3020 Mo

9.3 Forming

The alloys are prepared by double melting (arc or electron beam).

I
I

!I
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Alliage Soudabi litg

Ta-8W-2,5Re Bonne. Soudures ductiles A teznpdrature anibiante.

Ta-5W-2,5Mo Assez bonne. Les soudures restent ductiles A 200C.

Ta-lOHf-5W Mauvaise. Soudure fragile Al'ambiante.

Ta-7,5V-3ONb Bonne.

Les considdrations pr4cddentes s' appliquent au. cas de soudage par fusion A 1'arc
TIG (sauf mention contraire).

9.2 Brasage

Peu d' dtudes ont 4t effectudes dans ce domaine du fait de la soudabilitd par

ýn fusion g~ndralement bonne des alliages de tantale.

Les m~ines alliages que ceux utilisgs pour le cas du Nb ant 4t envisages, bien
que leur temperature de service acceptable ne soit plus en harmonie avec les
tempdratures de service envisagdes pour les alliages de tantale.

Des alliages de brasage proinetteurs sont fournis par le syst~me Nb + 10 A
30% V + 10 A 30% Ta.

On envisage d'utiliser des m~1anges d'alliages fondant A tempdrature relativement
basse et de poudre, pour farmer par diffusion des alliages refondant A haute
temperature ("diffusion sink technique"), d'oýi des temp4ratures de service am~liories.
Par example pour le brasage de 1' alliage Ta-1OW-,

AlIlIiage de brasure To de Tempe'rature
-- fusion Addition (poudre) de

Zr Ti V Fe Si Mo Ta (OC) refusion

43 25 32 1.215 Mo ou Nb + C ou B sup4rieure

69 29 2 10 1.550 Ta ou Mo 5 4gale
52 21,5 1,5 25 1.660 Mo 1.8700C

9.3 Fabricabilitig - Production

Les alliages sent pr4pards par double fusion (par bombardement dlectronique et/ou
A1 lare).
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Alloy Forming process Product

Ta-10W Rough forging at 22000 F, then Sheet down to 0.02 in thick.
at 15000 F. Warm finishing Dimensions: 24 in x 72 in x
(700-4600 F) and cold working up 0.06 in thick. Strip - Foil -

to 90M. Sections have been Bars - Wire.
extruded at 3200 0F.

Ta-12.5W Forging at 2400-2600°F. Final Sheet up to 0.04 in thick.
rolling preferably warm (700 0F). Bars - Wire.

Ta-10W-2.5Hf Forging at 26000 F, followed by Sheet - Bars.
(T222) annealing at 30000 F. Rolling

at 2000-2200°F and final warm
or cold rolling.

Ta-IOW-2.5Mo Rough extrusion at 26000 F, Sheet up to 0.04 in thick and
followed by annealing at 6 in wide. Bars.
3000°F and forging at 2200-
24000 F. Final rolling
preferably at 1025-8000 F.

Ta-8W-2Hf Forging at 24000 F. Final Sheet (18 in x 96 in down to
rolling warm (1475-925 0F) or 0.01 in thick). Strip - Foil -

cold. Moderate forming and Bars - Wire (down to 0.06 in
spinning possible at R.T. dia).

Ta-5W-2.5Mo Rough extrusion at 26500 F, Sheet (6 in wide, down to
followed by annealing at 0.04 in thick). Bars.3000°F and forging at 2200-

2400°F. Final rolling
preferably at 1025-800 0F.

Ta-lOHf-5W Extrusion at 3300-38000 F. Sheet.
Rolling at 1800-22000 F.

Ta-7.5V-3ONb Rough extrusion at 3300- Sheet - Bars.
3700°F followed by forging at
2200-29000 F. Hot rolling at
18000F, then at 8500F. Final
cold rolling up to 40%.

Selected for the Sheet Rolling Program of the U.S. Department of Defense.
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Alliiage Fabricabilitg Production (pilote)

Ta-1OU Ddgrossissage par forgeage i T8les Jusqu'& e 0,5 mm.
1.2000C, puis A 8200C. Finition Dimensions 600 x 1.800 en
A tibde (370-2600C), puis A 1,5 -m d'4p. - Bande - Feuille
froid Jusqu' A 90%. Des profilds mince - Barre - Pu.

j opt dtd filds A 1.7500C.

Ta-12,5W Forgeage A 1.300-1.4000C. T~le Jusqu'i e =1 mm. Barre -

Laminage final de prdfdrence A Fil.
tide (3700C).

Ta-1OW-2,5Hf Forgeage A 1.SOOuC, suivi de Tdle - Barre.
(T 222) recuit A 1.6500C. Puis laminage

& 1. 100-1. 2000C et laminage

final A tilde ou A froid.

Ta-iOW-2,5Mo Ddgrossissage par filage A TOle jusqu'A e =1 mm, largeur
1.4500C, suivi de recuit A 150 mm - Barre.
1.6500C, puis de forgeage A
1.200-1. 3000C. Laminage final
de prdfdrence A, 550-430 0C.

Ta-8W-2Hf Forgesge A 1.3000C. Laminage de TOle (450 x 2.400 Jusqu'A
finition A tibde (800-5000C), ouh e = 0,25). Bande - Feuille
froid. Des formages ou mince - Barre - Fiu (jusqu' A
repoussages mod~rds peuvent Atre 0 1,5 mm)~.
effectuds A 200C.

Ta-5W-2, 5Mo Ddgrossissage par filage A M~e jusqu' A e =1 mm, largeur
1.4500C, suivi de recuit A 150 mm - Barre.
1.6500C, puis de forgeage A
1.200-1.3000C. Laminage final

de prdfdrence A 550-4300C.

Ta-lOHf-5W Pilage A 1.800-2.1000C. T8le.
Laminage A 1.000-1.200 0C.

Ta-7,5V-30Nb* Ddgrossissage par filage A M~e - Barre.

1.800-2.000"C suivi de forgeage
A 1.200-1.3000C. Laininage A
chaud A 1.00000, puis A 4500C.
Laminage final A froid Jusqu' A

40%.

S4lectionne' dams le Sheet Rolling Program dlu Department of Defense des Etats-Unis.
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9.4 Machining

The techniques recommended for niobium and pure tantalum metal should be used.

9.5 Descaling

The same baths as those mentioned for niobium may be used: 20-35 HF + 0 to

13 H2804 + 10-25 HN0 3 + H20 (% by volume), at 70-1400F.

If

I
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9.4 Usinage

Les mfnes techniques que celles prdconisdes dars le cas du niobium ou tantale non
allids, sont A respecter.

9.5 Ddcalaminage

On peut utiliser les cranes bains que ceux prdvus pour les alliages de niobium:
20-35 HF + 0 A 13 H2SO4 + 10-25 HNO 3 + H20 (% en volume), (i 20-600 C). I

(I
SiI

lI

K_ -
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CHAPTER III- MOLYBDENUM AND MOLYBDENUM ALLOYS

1. PHYSICAL PROPERTIES OF MOLYBDENUM METAL

1.1 Atomic Number: 42 Atomic weight ` 95.95 Group W. A.

1.2 Crystal Structure

Body-centred cubic (no transformation point) lattice constant 3.1468 R at
R.T. - atomic diameter : 2.795 A.

1.3 Density

0.369 lb/in3 .

1.4 Melting Point

47500F.

1.5 Vapour Pressure

Temp. (7F)1  2900 3500 4000 4200 4600 5400 7200 8500 9400 10270

mm'g' •.5xlO-8 lxlOs 5xlO- 1 x 1- 1 x 10"2 1 x 10-1 1 10 100 760

The evaporation rate :a a vacuum of 10-5 torr is:

Temperature ( 0F) 3000 4800 6600

Evaporation rate
in (g/cm2 S) 5.3 x 10-9 5 x 10-4 7.7 x 10-2

1.6 Specific Heat

Temperature (OF) 70 1800 3600

Specific heat (Btu/lb OF) 0.059 0.080 0.11

^I
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CHAPITRE III- MNLYBDENE ET ALLIAGES DE MOLYBDENE

1. PROPRIETES PHYSIQUES DU MOLYBDENE NON ALLIE

1. 1 Numdro Atomique: 42 Masse atomique : 95, 95 Groupe VI A.

1.2 Structure Cristalline

Cubique centrd (pas de point de transformation) rdseau 3,1468 A A 200 - diam~tre
atomique : 2,795 A.

1.3 Densitd

10,22 g/cm3.

1.4 Temnprature de Fusion

02.610 C.

1.5 Tension de Vapeur

Temp. (°C) 1.600 1.900 2.200 2.300 2.500 3.000 4.000 4.700 5.200 5.690

-8a -5 X1-1X103 1X1-2 1X1-1
mmHg 2,5x10 lx10 5x10- lx10 lxl- lx 1 10 100 760

La vitesse d' 1dvaporation dans un vide dynamique de 10-5 torr est:

Tempgratare (°C) 1.630 2.630 3.630

Vitesse d' 1dvaporation
(g/cm 2 s) 5,3 x 10-9 5 x 10-4 7,7 x 10-2

1.6 Chaleur Spdcifique

Tempgrature ( 0C) 20 1.000 2.000

Chaleur spdcifique (cal/g °C) 0,059 0,080 0,11

___ __ __ ____ __
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1.7 Thermal Conductivity

Temperature (7F) 70 2000 3000

(Btu ft/h ft2 OF) 82 63 41

1.8 Thermal Expansion

Temperature (OF) 70 1800 2700 3600

(microin/in OF) 2.8 3.0 3.45 3.95

The general formula is . Lt = L7 0 (1 + 2,8 x 10-6 x T + 3,25 x 10-' 0 T2) (T in "F)

1.9 Electrical Resistivity

Temperature ("F) 70 1800 3600 4500

Resistivity
(microhm-cm) 5.2 32 65 80

Superconductivity first appears at 1.5 °K for extra pure metal.

1.10 Absorption Cross-Section (Thermal Neutrons)

2.5 barns/atom.

1.11 Spectral Emissivity

Total emissivity in relation to black body:

Temperature (OF) 900 1800 3600

Emissivity 0.08 0.13 0. 24

7r_

.555
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1.7 Conductibilitd Thermiique

Temperature ('C) 20 1.100 1.600

Conductibilit6 thermique (cal/°C cm s) 0,35 0,26 0,17

1.8 Coefficient de Dilatation Lingaire

Tempgrature (°C) 20 1.000 1.500 2.000

a x 106 moyen de 200 & la
tempdrature considdrde/°C 5, 1 5,5 6,2 7,1

La formule gdndrale est : LT =L 20 (1 + 5 x I0- x T + 10,5 x 10"°T2 ) (T en °C).

1.9 Rdsistivitg Electrique

Temperature (cQ) 20 1.000 2.000 2.500

Rdsistiviti

(microhms-cm) 5, 2ý 32 65 80

La supraconductivitd apparaft A 1, 5 °K pour du mdtal extra-pur.

1.10 Section de Capture (Neutrons Thermiques)

2,5 barns/atome.

1. 11 Coefficient d' Emissivitd

Emissivit4 totale par rapport au corps noir -

Tempirature (*C) 500 1.000 2.000

Emissivitd 0, 08 0, 13 0, 24

_ _ _ I
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2. MECPANICAL PROPERTIES OF MOLYBDENUM METAL

2. 1 Typical Analyses

The impurity contents of commercial molybdenum products (in ppm) nre:

Powder Arc Electron

metallurgy melted beam
melIted

Oxygen 30-100 20-100 <50
Nitrogen 10-50 10-20 <20
Hydrogen 5-10 1-10 1
Carbon 50-100 1 00 -4 0 0 (a) <30

IrQn 50-200 50-100 <10
Nickel 50-100 10-100 <10

Silicon 50-100 51)-100
Chromium 20-50 20-40 <10

Tin 20-50 20-40

(a) added before melting

2.2 Tensile Properties at High Temperatures
(Mean values)

70°F 2000°F 2600°F 3000°F

State(a) 0.2%6 LiEl 1 0. 276 LTFS E1. 6 U.S El1. 0.276 U7S El.
( k p s -i ) ( k p s i ) (....9k s 7 ) k ~ ) ( 0

P-C-D 94 104 8 40
T-C-D 100 106 16 11 6 9
B-C-D 90 96 20 60 28 34 26 4 6 35
B-C-R 57 70 40 35 10 20 40
P-F-D 70 90 4
T-F-D 90 100 13 15 25 25 10 65 - 6 40
B-F-D 80 90 20 40 43 20 6 9 30
T-F-R 62 72 40 13 25 50 10 65 - 6 40as drawn wire 0.02 in dia. 140 20

0.004 in dia. 155 10
0.002 in dia. 19C 8

(a) P = plate C = arc-cast D = stress-relieved
T = sheet (< 0.2 in think) F = powder R = recrystallized
B = forged or swaged bar metallurgy e = reductioa in area
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2. PROPRIETES MECANIqUES DU MOLYBDENE NON ALLIE

2.1 Analyses Courantea

Les teneurs en impuretds des demi-produits commerciaux en molybd6ne sont (en ppm);

Metallurgie Fusion 4 Fusion par
bombardement

des poudres l'arc ble enq
6lectronique

Oxyggne 30-100 20-100 <50

Azote 10-50 10-20 <20
Hydrog~ne 5-10 1-10 1
Carbone 50-100 10 0 - 4 0 0 (a) <30

Fer 50-200 50-100 <10
Nickel 50-100 10-100 <10
Silicium 50-100 50-100

Chrome 20-50 20-40 <10
Etain 20-50 20-40

(a) ajoute avant fusion

2.2 Caractdristiques Mdcaniques en Traction i Haute Tempdrature
(Valeurs moyennes)

200C i.0900C i.4300C i.6500C

Etat(8) LE RI A aLE R A e R ALE R A(kg/= 2 ) (%)(%) (kg/m 2 ) (%)(%) (kg/mm 2) (%) (kg/mm2 ) (%)

P-C-D 66 73 8 28
T-C-D 70 74 16 8 4 6
B-C-D 56 68 20 60 20 24 26 3 4 35

B-C-h 40 49 40 35 7 14 40
P-F-D 49 63 4
T-F-D 63 70 13 11 18 25 7 65 - 4 40
B-P-D 56 63 20 28 30 20 4 6 30
T-F-R 43 50 40 9 18 50 7 65 - 4 40

FPl brut 00.5mm 98 20
0 0,1 107 10
00,05 133 8

(a) P = t8les 4paisses C = could ' 1' arc D = recuit de detente
T = t6les (Op. <5 m) P = m~tallurgie des R = recristallis4
B = barres forghes poudres e = striction

• :i
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2.3 Tensile Properties at Low Temperatures.
Ductile-to-Brittle Transition

The ductile-to-brittle transition effect assumes extreme importance for
molybdenum, because the transition temperature for this metal is round about room
temperature or rather higher.

The transition temperature depends largely on:

the content of im~u•,ties, especially interstitials;

the method of fabriction and all factors (working temperature, degree of
reduction) used during processing;

the final state (stress-relieved, recrystallized), structure and grain-size;

the kind of stress applied (tensile, oending, impact), rate of test, type of
test (notched or annotched);

Figure 1 gives the general position of molybdenum compared with the other

refractory metals.

The following tables show the influence of interstitial impurities:

-in tensile test on unnotched test-bar: (cast and fabricated)

-° Oxygen Transition Transition Transition
temperature Nitrogen temperature temperature(ppm) ( 0F) (ppm) (PF) (ppm) (OF)

<1 -450
<5 -110 <5 -110 <5 -110
10 -75 8 -75 30 -40
20 +320 14 -40 60 -20
60 +390 37 +100 80 +15

330 +280 100 +30
200 +100
240 +120

• Electron beam zone refined metal.

I
• " - •,.
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2.3 Caractdristiques en Traction i Basse Temperature.
Transition Ductile-Fragile

Le phdnoin~ne de transition ductile-fragile prend une extr~me importance dens le can
du molybd~ne, du fait que pour ce mdtal la tempdrature de transition se situe au
voisinage de la tempdrature ambiante, ou est sttpdrieure & celle-ci.

Cette tempdrature deitransition ddpend fortement:

dela teneur en impuretds, particuli~rement interstitielles;

dumode de transformation et de tous lea facteurs (tempdrature de travail -degrd

de rdduction) ayant joud au cours de cette transformation;

de l'dtat final (restaurd - recristalliad), de I'a structure, de la grosseur du
grain;

du mode de sollicitation (traction, pliage, impact) de la vitesse d' essai, du
type d'essai (entaille ou non).

La Figure 1 donne la position gdndrale du molybd~ne par rapport aux autres mdtaux
refractaires.

Les tableaux ci-apr~s montrent 1'influence des dmpuretds interstitielles:

-en essj.1 de traction sur 4prouvette lisse: (mdtal could transformd)

To de TO de TO de
xygene itton traston transltton

(pm)(OC) Azt rastOn (pm (OC)

<1 -268
<5 -80 JA <5 -80 <5 -80
10 -60 8 -60 30 -40

20 +160 14 -40 60 -30
60 +200 37 +40 80 -10

330 +140 100 0
200 +40
240 +50

(a) metal de fusion de zone par bombardenent e'lectronique.

-- -------
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- bend test: (fabricated arc-cast metal)

Transition Transition J TransitionOxgn Croe arbon teprte
temperature temperature temperature

(ppm) (OF) (ppm) (OF) (ppm) OF)

<5 -150 <5 -150 <5 -150
10 +210 25 +30 20 -150

15 +390 40 +100 50 -10
50 +120 100 +70

100 •. +210 200 +120
200 +260 300 +140
300 +300

The mean low-temperature tensile properties are:

70OF 30°F O°F -95°F

State(a)0.27o ITIS El. E 7 E M E US E

(kpsi~ % (kpsi) (%) (kpsi) (7.) (kpsi) (7.)

P-C-D 96 104 8

T-C-D 1 100 106 16 40 114 20 117 5 156 0
e 114 10 120 5 128 0 120 0

B-C-D 90 96 30 60 1104 55 126 30 160 5
128 35 156 2 114 0 83 0

B-C-R 1i 57 70 40 35 74 15 85 0 0

Ie 66 0 57 0 50 0 0
P-F-D 70 90 4
T-F-D 90 100 13

B-F-D 80 90 20

1 = unnotched specimen, e = notched specimen.
(a) P = plate C = arc-cast D = stress-relieved

T = sheet (< 0.2 in thick) F = powder R = recrystallized

B = forged bars metallurgy
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"e- n essai de pliage: (Mdtal could transformd)

Oxyg~ne TO de Azote TO de Carbone T de

(ppm) transition (ppm) transition Car one transition
(oC) (oC) (pp) (0c)

<5 -100 <5 -100 <5 -100
10 +100 25 0 20 -:-100
15 +200 40 +40 50 -25

50 +50 100 +20
100 +100 200 +50

200 +130 300 +60
300 +150

Les caractdristiques moyennes i basse tempdrature en traction sont les suivantes:

200C O°C -200C -70 0 C

Etat(a) LE R A e R R
(kg/M 2) (%) (%) (kg/mm2) (%) (kg/mm2) (%) (kg/mm 2) (%)

P-C-D 66 73 8

T-C-D 1 70 74 16 40 80 20 82 5 110 0
e 80 10 84 5 90 0 84 0

B-C-D 1 56 68 30 60 80 55 88 30 112 5
e 90 35 110 2 80 0 58 0

B-C-R 1 40 49 40 35 52 15 60 0 0
e 46 0 40 0 35 0 0

P-F-D 49 63 2
T-F-D 63 70 13 4
B-F-D 56 63 20__

S= e'prouvette lisse, e = eprouvette entaillele.
(a) P = t6les dpaisses C = coulg a 1r arc D = recuit de detente

T = t6les (4p. < 5mm) F = me'tallurgie des R = recristallts4
B = barres forgees poudres

57

p ~ -,

- - - -- -
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The influence of the final state is shown below (tensile test on bars' fabricated

from metal of the composition: 02: 5 ppm; N2: 10 ppm; H22: 1 ppm; C: 300 ppm):

Transition temperature
(OF)

Unnotched Notched

specimen specimen

coarse grain

(13 mils) +430 +600
Recrystallized medium grain

(6 mils) +350 +570
fine grain
(1 mil) +90 +400

As hot-w.orked 25% +160 +400
70% -10 +340

Stress-relieved -60 +310

Under bend test, the transiticn temperatures are.,

thick sheet : +70 to +300°F thin sheet +60 to +1000F (bend on 1 T).

Under impact test, the transition temperature is: +700 to +800 0 F.

Figure 3 shows the influence of the type of test for recrystallized metal
(source: Climax Molybdenum Co.).

longation Reduction in area S

80 o 12 . -Ft.L/

o0 o 60 - • o•••o• ~:

SFig.3 Recrystallized molybdenum - Effect of type of test on

the transition temperature.

__ _ _ - ---.--..--.--- -- ~-----.------- --------

L
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L' influence de l'"tat final est la suivante (essat de traction sur barre obtenue
Spartir de mdtal could - 02 5 ppm - N2  = 10 ppm - H2  = 1 ppm - C = 300 ppm):

Temperature de transition
(°c)

Eprouvette Eprouvette

lisse entaillie

Recrista11isd Gros grain
(320 A.) +220 +320

Grain moyen
(160 g.) +180 +300
Grain fin
(20 p,) +30 +200

Brut de travail & 25% +70 +200
chaud 70% -25 +170

Restaurd -50 +150

En pliage, les tempdratures de transition sont.

t6le dpaisse : +20 +150 0C t6le mince : +15 +40 0 C (pliage sur 1 T).

En essai par choc, la tempgrature de transition est de: +370 +430 0 C

La Figure 3 ci-apr~s montre 1' influence du type d' essai dans le cas d'un mdtal
recristallisd (d'apr4s Climax Molybdenum):'

NCUMMw. STRICrION %,TPIAML DE•

40- SO- - •

Iz

__ O ._ ___ .__ _TEM PERATURE

0 P00 400 C 600
Fig. 3 Molybde'ne - Influence du mode d' essai sur la tempdrature de

transition. (Metal recristallis4)
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2.4 Hardness

For arc-cast and fabricated metal bars, the Vickers numbers are:

Temperature (°F) -400 +70 1500 2000 2800 3200

Annealed state 400 200-280 125 30 50 20
Recrystallized state 400 180-200 50 30 20

Roughly speaking, the ultimate tensile stress and the Vickers hE.rdness number may
be related by the formula:

UTS (psi) = HVN x 400

2.5 Young's Modulus
(Mean values)

Temp. (7F) -150 +70 2000 2400 3000

E Cast, forged, stress-relieved 48 46 30 20 8.3
(10 6psi) Sintered, forged, stress-relieved 47 27 - 7.2

2.6 Fatigue Strength

f at 108 cycles

-1000F +70OF

Cast, forged, stress-relieved unnotched 80 kpsi
Rotative notched 38 kpsi
beam
test Sintered, forged, stress-relieved unnotched 76 kpsi

notched 56 kpsi

Alternative Sintered, rolled, stress-relieved unnotched 69 kpsi 43 kpsi
bending I I

(a) endurance ratio f/UTS = 0.81. (b) endurance ratio f/UTS = 0.74.

The ratio f/ATS remains fairly constant up to 1150°F.

I
I
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2.4 Duretd

Sur barre de mdtal could transformd, la duretd Vickers est:

Temperature ( 0C) -240 20 800 1.090 1.540 1.760

Etat restaurd 400 200-280 125 80 50 20
Etat recristallisd 400 180-200 50 30 20

On peut grossi~rement relier la charge de rupture en traction et la duretd Vickexm
par Ia formule:f

R (kg/MM2) = HV x 0,28

2.5 Module d'Elasticitd Statique en Traction
(Valeurs moyennes)

Tr (C) -100 20 1.090 1.320 1.650

E Could - forgd - restaurd 33.600 32.000 21.000 14.000 5.800

(kg/rn2) Frittd - forgd - restaurd 32.000 19.000 - 5.000

2.6 Rdsistance • la Fatigue

f a 108
alternances(kg/MM2)

-75 0 C 200C

Could - forgd - restaurd lisse 5 6 (a)
Flexion entailld 27
rotative

FrittU - forgd - restaurd lisse 53(b)

entailld 39

Flexion Frittd - lamind - restaurd lisse 48 30
alternde

,a) rapport d' endurance f/R = 0,81. (b) rapport d' endurance f/R = 0,74.

Le rapport f/R reste assez constant jusqu' & 6000 C.
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"2.7 Creep Properties

2.7A1 Stress-Rupture Lata

I Stresses (kpsi)

Stat e(a) ,'nl,,rn.2000OF 2200OF 2700OF 3000OF 3700I' 4000OF 400OF
1h 10h 1O1h Ah lh lh 1Oh lh Ah 1h

T-C-D 10 6 3.5 3 1.1 0.6 0.4
T-C-R 14 11 9
B-C-D 30 17 13 7
B-C-R 15 11 9
B-F-D 6 4
T-F-D 1

(a) T = sheet (< 0.2 in thick) C = arc-cast D = stress-relieved
B = forged bars F = powder R = recrystallized

metallurgy

2.7.2 Creep Stress

Temperature State(a) Stress (Kpsi)

(0F) O.5%/lh O.5%/10h O. 5-671OOh 576/1h 5%/1Ih

2000 B-C-D 21 14 11
B-C-R 11 9

3000 T-C-D 6

(a) T = sheet (< 0.2 in thick) C = arc-cast D = stress-relieved
B = forged bars R = recrystallized

2.8 Effects of Impurities

As has already been seen in Section 2.3, the impurity most harmful to ductility
is oxygen. Nitrogen has less ill effect. The action of carbon alone, up to 0.1%,
on ultimate tensile strength and elongation is not very marked, but the 0.2% yield
strength is increased by 25%. In fact, the o.ddition of carbon as a deoxidiser is an
essential and necessary feature of are-melted molybdenum.

Additions of 0.2 to 0.6% of rare earths (Ce, Le, Gd, or Yb) or yttrium reduce the
hardness of cast Mo by 20-30 points, probably by the capture of oxygen or nitrogen.

Hydrogen appears to have no effect.
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2.7 Rdsistance au Fluage

2.7.1 Rupture Diff'r~ee

Contraintes (kg/mm 2)

Et at (a) 1. 0900C 1.200 1.4800C 1. 6500C 2. 0000C 2. 2000C 2. 4000C'
1h 10hi 100h Ih Ih 1h I 1h 1h Ih 1h

T-C-D 7 4,2 2,4 0,8 0,4 0,3
T-C-R 10 8 6

B-C-D 21 12 9. 5

T-F-D 0,7

(a) T =t6les (4P. <,5 mm) C = couled i 1Parc D =recuit de de'tente

B = barres forge'es P = me'tallurgie des R = recristallise'

Poudres

Teme'rtue Ea ta) ________ Contraintes (k g/MM2)

(OC) 0,5%/Ih 0,5%6/1IOh 0,576/1O0h 5%/Ih 5%6/10h

1.090 B-C-D 15 10 8

B-C-R 8 6

1.650 T-C-D 4 -__________ ___- ____

(a)T tle ('p m5m) C ol'~1acD = recuit de de'tente

B = barres forgges R = rec~ristallise'

2.8 Influence des Impuretds

Comme il a ddjA vu au Section 2.3. 1' impuretd la plus nocive pour la ductilit4
eat 1' oxygbne. V' azote est momns n~faste. V' action du carbone seul, jusqu' A 0, 1%,
eat tr~s peu marqude sur la charge de rupture et 1'allongement, la linite diastique
A0, 2% dtant augmentde de 25%. En fait, 1'addition de carbone en tant que d~soxydant

est une caractdristique essentielle et ndcessaire du molybd~ne fondu i P'arc.

Des additions de 0, 2 & 0.6% de terres rares (Ce, La, Gd, Yb) ou d' yttrium,
rdduisent de 20 1 30 points la duretd du Mo could, probablement par effet de captage
de l'oxyg~ne et de l'azote.

V' effet de 1'hydrog~ne apparaft comme nul.
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2.9 Cold-Working - Stress-Relief - Recrystallization

2.9.1 Cold-Working

Molybdenum cannot normally be hardened by cold-working because its initial
ductility is too low. It is possible, however, to obtain a certain amount of
reduction by cold rolling, by working on metal which has been very thoroughly
hot-rolled.

2.9.2 Stress-Relief

The usual stress-relief treatements are:

15 min to lh at 1650 - 18500F.

As the metal has generally been worked by hot rolling below the recrystallization
temperature ("hot-cold working") the figures for mechanical properties and
ductility will depend upon the duration and temperature of the stress-rplief
treatment:

For example, on cast, extruded and hot rolled metal:.

0.276El%

State YS 07 Els E

(kpsi) (7o) (%)

As rolled 100 102 32 61 255
As rolled + lh at 1700°F - 91 39 59 -
As rolled + lh at 1900°F 85 90 41 66 -

As rolled + lh at 21000F(a) 54 73 53 64 187
As rolled + lh at 2 20 00F(a) 50 73 55 55 -

(a) partial recrystallization

2.9.3 Recrystallization

The recrystalliza'ion temperature is between 2100 and 28000 F. It depends on

the fabrication process and the degree of reduction at medium temperatures:

Teaeperature ( 0 F) for full recrystalltzation of bars rolled at

Duration 2200oF 3000OF

treatment Degree of reduction (%) Degree of reduction 6%)

11 16 31 56 90 10 19 30 57 90

1 min 3300 2960 2740 2700 2500 3300 3000 2920 3060 3200
10 min 3100 2900 2640 2600 2200 3100 2900 2880 3000 3000

lh 2880 2700 2500 2520 2100 3060 2880 2600 2800 2800I!,
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2.9 Ecrouissage - Restauration - Recristallisation

2.9.1 Ecrouissage

Le moJybd~ne ne peut 6tre en principe durci par dcrouissage A froid par suite de sa

trop faible ductilitd initiale. On peut cependant obtenir par laminage & froid un

certain degrd de rgduction en operant sur mdtal tr6s fortement corroy6 i chaud.

2.9.2 Restauration

Les traitements habituels de restauration sont:

0,25h A lh A 900 - 1.0100C.

Les mital ayant en gdndral dtd dcroui par laminage & chaud A une temperature f

infdrieure h la tempdrature de recristallisation ("hot-cold working") on obtiendra un

niveau de caractdristiques et de ductilitd fonction de la durde et de la tempdrature

du traitement thermique de restauration.

Par exemple; pour un mdtal could lamind:

LE R A
Etat (kg/mm2 ) (%) () HVN

Brut de laminage 70 71 32 61 225
Brut de laminage + lh & 9300 - 64 39 59 -

Brut de laminage + 1h h 1.0400 60 63 41 66 -

Brut de laminage + lh k 1 . 1 5 00(a) 38 51 53 64 187
Brut de laminage + 1h a 1 . 2 0 0 0(a) 35 51 55 55 -

(a) recristallise' partiellement

2.9.3 Recristallisation

La tempdrature de recristallisation est comprise entre 1.150 et 1.5400 C. Elle

ddpend de nombreux facteurs, et en particulier du schema de transformation et du

degrd de rdduction opdrde A tilde:

Tempgrature de recristallisat ion complite ( 0C) pour des barres laminees a

Temperatures 1.2000C 1.6500C
de

traitement Degrg de r~duction (6) DegrA de reduction (%

11 16 131 56 90 IC)1 19 30157 90

1 min 1.820 1.630 1.500 1.480 1.370 1.820 1.650 1.600 1.680 1.760

10 min 1.700 1.590 1.450 1.430 1.200 1.700 1.590 1.580 1.650 1 650

lh 1.580 1.480 1.370 1.380 1.150 1.680 1.580 1.430 1.540 1.540
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Temperature for full recrystallization in 1 hour for bars rolled at 1800 or
2000°F:

Degree of reduction (%) 5 10 20 50 80

Recrystallization temperature (OF) 3269 3000 2640 2200 2160

The presence of a stress (piece in use) may considerably lower the recrystallization
temperature:

rI
Stress (psi) 0 2000 4000 5000

Recrystallization 507 2960 2820 2780 2760
807 2980 2870 2820 2800

temperature (OF) for 100% 3060 2920 2870 -

A purer metal (particularly one with fewer interstitials) has a lower
recrystallization temperature for example: commercial quality electron beam melted
molybdenum, extruded and rolled, showed a recrystallization temperature (I hour)
of 15000F,

Finally, recrystallization appreciably increases the brittleness of the metal
and raises its ductile-to-brittle transition temperature (see Section 2.3). But it
will be noted that metal recrystallized at high temperature (3700 0 P) under high vacuum
conditions may have good plastic qualities owing to the evaporation of impurities.

3. CORROSION BY GASES, CHEMICALS AND
LIQUID METALS

3.1 Resistance to Oxidation

Molybdenum begins to oxidise in air at 490°F and oxidation becomes relatively
rapid above 15500 F. The oxide has a melting point of 1460 0 F, but already begins to
sublime at 13000 F, thus exposing the metal to continuous attack.

The oxidation rate in air at 1825°F is about 1400-2000 mg/cm2 h (see Figure 2).
The rate increases with air pressure and falls when the pressure falls,
particularly when the partial pressure of the oxygen falls in the corrosive gaseous
mixture. For instance, the oxidation rate at 2075°F at an altitude of 170000ft is
100 times slower than at ground level under atmospheric pressure. Similarly, the
oxidation rate is lower in reducing gases, such as combustion gases. In such gases
it is possible to obtain a life of roughly 100 hours at 26000F.
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Tempdrature de recristallisation compl~te en 1h pour des barres lamin&A- 1 980
ou 1.0900c):

D' de reduction (%6) 5 10 20 50 80

Tode recristallisation (0C) 1.790 j1.650 J1.450 j1.200 1.180

La prdsence d' une contrainte (pikce en service) peut abaisser notablement la
teinpdrature de recristallisation:

Contrainte (kg/mm 2) 0 1,4 2,8 3,5

Temperature de [50% 1.620 1.550 1.530 1.510

80%0 1.630 1.575 1.550 1.540

recristallisation 'a 1100% 1.680 1.600 1.575 -

Un m~tal plus pur (particali~rement en interstitiels) a une tempdrature de
recristallisation plus basse: un molybd~ne commercial fondu par bombardement
d1ectronique, fild, lamind, a prdsentd une tempdrature de recristallisation (1h)

de 8200C.

Enf in, la recristallisation accraIft notablement la fragilitd du indtal et sa
tempdrature de transition ductile-fragile (voir Section 2.3). On remarquera
cependant que le mdtal recristallisd & haute tempdrature (2.O000C) et sous vide
poussd, peut prdsenter une bonne plasticitd du fait de 1' 6vaporation des impuretds.

3, CORROSION PAR LES GAZ - PRODUITS CHIMIQUES ET

METAUX LIqUIDES

3. 1 Rdsistance i P Oxydation

Le molybd~ne commence A s' oxyder dens l1'air d~s 2500C et Ia r~action d' oxydation
devient relativement rapide au-dessus de 8500C. L' oxyde a un point de fusion de
795 0C, mais commence ddji & se sublimer d~s 7000C, exposant ainsi le mdtal & une
attaque continuelle. 

M/M
La vitesse d' oxydatiom dens P'air A 1. 0000C est de 1' ordre de 1. 4b0-2. 000 mgc 2 h

(voir Fig.2). Cette vitesse augmente avec la vitesse de l'air; elle diminue lorsque
la pression diminue, et em partioulier lorsque la pression partielle de 1' oxyg~ne dens
le mdlange gazeux corrosif diminue; par exemple, la vitesse d' oxydation A 1. 1380CA
une altitude de 55.000 m eat 100 fois plus faible que celle obtenue au sol A la
pression atmosphdrique. De mane, la vitesse d'oxydation eat plus faible dens des
gaz rdducteurs tels que les gaz de combustion. Dens de tels gaz, on peut obtenir une
vie do l'ordre de 100h A1.4300C.



The very low solid solubility of oxygen in Mo, on the other hand, makes internal
contamination practically non-existant.

In water vapour, oxidation is observed from 850°F upwards.

3.2 Resistance to Various Chemicals

Molybdenum is highly resistant to: ammonia, nitrogen (up to 2200 0F), carbon
dioxide (up to 925 0F), cold aqua regia, salts of Bi or Cd, sodium chloride (up to
7000 F), cold concentrated hydrochloric acid, cold hydrofluoric acid, hydrogen,
iodine, lead nitrate, phosphorus, cold potassium or sodium hydroxide, sulphur (up
to 7500 F) and cold dilute sulphuric acid.

3.3 Resistance to Liquid Metals

Li : good at 1825 0F. A few problems of mass transfer in presence of iron, but
the resistance of arc-melted metal is said to be poor.

Na : very good at 1825-22000 F. Mass transfer in presence of Ni.

K : under dynamic test, resistance at 1750°F and 1825°F is very good and
distinctly better than that of Ta, Nb or W. At 18250 F, loss of weight
is 7 mg/cm2 per day (10 times less than Nb). K (or Na) impurities, and
especially oxygen have a pronounced deleterious effect.

Bi : very good at 18250F.

Ru : no damage at 1725 0F.

Cs : very good at 1300 and 16000 F. Solution-type attack to varying degrees, at
1725 and 25000 F. From the point of view of resistance to this metal, Mo is
the least interesting of the four refractory metals..

Sn : Slight local corrosion at 11700 F. Pronounced solution effect at
525-1800°F; severe corrosion at 27500 F.

4. FABRICATION

4. 1 Welding

-For TIG welding, which must be done under argon or helium atmosphere and under
extreme conditions of cleanliness (both metal and gases), metal prepared by powder
metallurgy generally produces cracks and porosity; Melted metal gives sound welds but
they remain relatively brittle because the melted zone is rather coarse-grained.
The addition of C or Ti to the metal acts as a deoxidiser and grain-refiner, and
makes the welds rather less brittle.

Welding by forging and ultrasonic welding (which is, however, of limited scope)
enable non-recrystallized joins to be obtained and thus reduce brittleness.I
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La tr~s faible solubilitd solide de 1' xyg~ne dens Mo rend par contre pratiquement
inexiatante la contamination interne.

Dans la vapeur d' eau, on note une oxydation & partir de 4500C.

3.2 Risistanoe A Diffdrents Agents Chimiques

Le malybdbne rdsiste bien k: ainmoniaque, azate (jusqu'A 1.2000 C), gaz carbonique
(Jusqu' A 5000C), eau rdgale froide, sela de Bi ou de Cd, chiorure de sodium (Jusqu' &
3700C), acide chiorhydrique concentrd froid, acide fluarhydrique froid, hydrog~ne,
iode, nitrate de plomb, phosphore, potasse froide, soude froide, soufre (Jusqu'a

4400C), acide sulfurique dilud froid.

3.3 Rdsistance aux Mdtaux Fondus
Li bonne & 1.0000C. Quelques problhmes de transfert de masse en prdsence de

fer; on signale cependant que la tenue du matal fondu & l1'arc est mauvaise.

Na tr~s bonne A 1.000-1. 2000C. Transfert de masse en prdsence de Ni.

K an essai dynainique, la tenug A 950 et 1.0000 C eat tr~s bonne, et nettenent
supdricure A celle de Ta, Nb ou W, A 1.0000 C, la perte de poids eatI 7 mg/cm2/j (10 fois momns que Nb). Lea impuretds de K (ou Na) et spdciale-
ment oxyg~ne, ont un effet ndfaste marqud.

Bi tr~a bonne A i.0000 C.

Ru :pas d' attaque A 780 0C.

Cs tr~a bonne & 700 et 8700C. Dissolution plus ou mains prononcde A 980 et
1.3700C. Via-A-via de ce mdtal, Mo eat le momns intdressant des quatre
mdtaux rdfractairea.

Sn ldg~re corrosion locale A 6300C. Effet de solution prononcde A 8300C-
1.0000)C; sdvelre corrosion A 1.5000C.

4. ElSE EN OEUVRE

4.1 Soudage

Dens le cas de saudure TIG, qui dolt Gtre opdrde sous argon ou h~lium dana des
conditions extrkies de propretd (aussi bien pour lea gaz que pour le mdtal), le mdtal
prdpard par m~tallurgie des poudrea conduit en gdndral A des criques et A des
porosit~s; le mdtal fondu permet d'obtenir des soudures saines, mais qui restent
relativenent fragiles du fait do la zone fondue A grain assez grossier. L'addition
de C ou Ti dens le mdtal joue canine ddsoxydant et affinant et procure Quelque

ductilit4 dens los soudures.

Des m~thodes de soudage par forgeageoau par ultra-sons (mais de portde llnitde)
j permettent d'obtenir des zones do liaison non recristalliades, donc de rdduire la

fragilitd.
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Electron beam welding makes it possible to work with a very narrow superheated
area; it is therefore expected to produce better results than TIG welding.

(Brazing - see Section 9.2).

4.2 Forming

Preliminary hot uxtrusion (at 2700-3600 0F) is necessary before forging in the case
of cast ingots but not with sintered metal.

Forging on cast and extruded bars or on sintered ingots is done at
2100-26000F. Forging or hot-rolling sequences should be such as to give at least 50%
reduction between reheatings. As the section is gradually reduced, working
temperatures are lowered (to 1700-15000F) and the degree of reduction between re-
heatings is raised to 90%.

It is not recommended, or even possible, to form the metal at room temperature,
except for very thin sheet or wire which has received a high degree of reduction. For
preference, spinning, shearing, bending, shaping, and cup-drawing should be done at
the following temperatures:

Thickness of diameter (in) 0.04 0.08 0.16 0.32

Temperature of forming (OF) 400 600 1000 1800

As the thermal conductivity of th6 metal is relatively high, arrangements must
be make to keep the metal hot throughout working: resistance heating, heated dies,
etc. should be used.

4.3 Machining

For machining, considering the fact that molybdenum is not a particularly hard
metal but that its cuttings are relatively abrasive, high-speed steel or non-brittle
carbide tools will be used. The work is generally done without lubrication but it
is necessary to avoid sharp shocks which might produce cracks in the metal.

Owing to the %ow coefficient of expansion of the metal as compared with the tools,
all overheating should be avoided in operations such as drilling.

I=
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Le soudage Dar bombardement dlectronique proctira la possibilitd d' obtenir tine zone
aurchauffde de largeur tr~s limitde; on petit donc on attendre tine neilleure
efficacitd que le aoudage TIG.

(Brasage - voir Section 9.2).

j 4.2 Mise en Forme

I Un filage prdalable (6 1.500-2.0000C) est ndceasaire avant forgeage dans le can des
lingots cotilds.

Le forgeage sur barres couldes filges oti sur lingots frittds est op614 'a

1.150-1.400 0 C. Lea sdqtxences de, forgeage oti de laminage i chatid doivent Ctre telles
qtie 1Pon obtienne au momns 50% de r~duction entre rdchauffages. Aui ftir et & mesure
que la section eat r~duite, lea tempdratures de travail sont rdduitea (jusqt'i' 930-
8200C) et le degrd de r~dtiction entre rdchauffages augmentd juaqu'& 90%.

11 n' eat pan recommandd oti possible de W~ormer le m~tal A tempdrature ambiante,
aauf pour le cas de W~es oti fila tr~s minces fortement corroyda. De prdfdrence, lea
op~rationa de repotiaaage, ciaaillage, pliage, fornage, enboutissage, doivent 6tre
effecttidea aux tempdratures ci-deaaous-,

Epaisseur ou diantkre (nun) 1 2 4 8 ]
Temp4rattire de miae en oeuvre (0 C) 200 320 540 T 1.000

La concductibilit4 thermique du mdtal dtant relativement dlevde, i1 fatit pr~voir

lea moyena n~cessaires pour maintenir le m~tal chatid durant toute 1' opdration, moyens

tela que rdchauffage par r~aiatance, matrices chauff'des, etc.

1 4.3 Usinage

I ~~Pour 1' tsinage, conaiddrant qtie'le molybdi.ie n'eat pas tin mdtal spdcialement dtir,
nais qtie lea copeaux sont relativement abrasifa, on utilisera des outils en acier

rapide oti en carbtirea non fragiles. on op~re en gdne'ral sans lubrifiant, mais il fautI d4viter touit effort trop brutal anenant des criques dana le m~tal.

Du f ait du faible coefficient de dilatation du metal par rapport it celui des
oatils. il y a lieu d' dviter totite aurchauffe dana des opdrations telles Qtie le pergage.
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5. MOLYBDENUM ALLOYS

5. 1 General

As with niobium, research on the subject of molybdenum-base alloys has been more

specifically directed towards:

5.1.1i Improvement of Resistance to Oxidation

Although no solution worthy of interest has been offered to date, see Section 8.1.

5.1.2 Improvement of Recrystallization Temperature

The recrystallization temperature of molybdenum is relatively low. The following

metals have been placed in decreasing order of effectiveness for raising the
recrystallization temperature:

Zr- Hf- Ti-Nb- Al.

V - W have little appreciable effect,

Co - Cr - Ni lower the recrystallization tempsrature.

5.1.3 Improvement of Mechanical Properties at High Temperature

Attempts have been made to improve the mechanical properties of molybdenum at high

temperaturs without impairing fabricability. Apart from the fact that all Mo alloys
are generally used in the stress-relieved state (and thus hardened by the residual
effect of cold-working), two lines are traditionally followed:

5.1.3.1 Dispersion Strenthening. After the manner of the old alloy Mo-0.5 Ti, by
combining the action of additives such as Ti, Zr, Nb, Hf, Y and Th on the one hand and

0O2 N2, C and B on the other. This technique is extremely effective but unfortunately

the ductile-to-brittle transition temperature is unchanged, or is even raised.

The elements which have been shown to be most effective are Ti and Zr, combined with

C, N2 and B to form the corresponding carbides, nitrides and borides.

It seems that this dispersion strengthening effect can be controlled and directed
by solid solution and ageing heat treatments: this is obviously the subject of
intensive investigation. For example, an alloy Mo-1.25, Ti-0.25, Zr-0.15C (TZC)

gives the following variations, which are due to pre-precipitation of carbides

(principally Mo2C and especially TiC) under tension:

Nitride of Ti is stable up to at least 27000 F. But, in practice, the addition of N2 is more
difficult than the addition of C.

V ; ""
_ _ _ _ _"

'.~&--

oj
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5. ALLIAGES DE MOLYBDENE

5.1 GUndralitis

Comme dana le cas du niobium, lea recherches d' alliages i base de molybd~ne antI plus ap~cialement dt orientdes vera:
5.1.1 AmInliorat ion de la reisistance 'a loxydation, sans qu'une solution digne

d~intdrft alt 4td prdsentde juaqu'& ce jour (voir ceper~dant Section 8.1);

5.1.2 Amelioration de la tempgrature de recristallisation (relativement basse
pour le Ma). Par ordre d' efficacitd ddcroissante pour augnenter Ia tempdrature de

recristallisa'tion, on note:

Zr - Hf - Ti - Nb - Al

V - W ont une action peu sensible

Co - Cr - Ni abaissent la tempdrature de recristallisation.

!.;.1.3 Am~ljoration des caracte'ristiques mnecaniques & chaud, sans trap nuire A la
fabricabilitd. Inddpendamment du fait que tous lea alliages de Mo sont en principe
utiiiads dana 1'dtat restaurd (donc durcis par effet rimanent d'dcrouissage), deux voies
ont dtd classiquement sui7ies:

5.1.3.1 Le durcissement par phase disperse'e, l'image du vieil alliage Mo-O,5 Ti,
en coinbinant 1' action d'additions telles que Ti, Zr, Nb, Hf, Y. 7h. d'une part, 0, N,
C, B, d'autre part. Cette technique eat extrdmement efficace, mais maiheureusement
la tempdrature de transition ductile-fragile W'est pas changde, sinon augmentde.

Les 416ments qui sent apparus les plus efficaces sent Ti, Zr, d'une part, C, N 2
et B d' autre part, formant lea carbures, nitrures* ou borures correspondants.

~ Cet effet de durcissement par dispersion semble pouvair Otre maitrisd et dirigd
par des traitements thermiques de mise en solution et revenu, phe'nomane qui fait
dvidemmnent 1' objet d' investigations intenses. Par exemple, pour un alliage
Ma-1,25Ti-O,25Zr-0,15C (TZC), an obtient les variations suivantes, dues A des prd-

prdcipitationa sous tension de carbures (principalement Mo2C, et surtout TiC):

*Le nitrure de Ti eat stable jusqu'i an mains 1.5000C. Mais, en pratique, l1'addition de N 2j eat plus difficile que celle de C.
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js Stress for
Heat Subsequent (kpsi) rupture in

Treatment final at ath at Comments
swaging 70OF 2200OF 2200°F

(kpsi)

lh/3000°F yes 120 54 32 Normal state as produced
5h/35000 F yes - - 38 R.T. Ductility reduced
5h/37000 F yes 120 78 50 at R.T. Recrystallization
5h/3700°F y temperature is increased
+ 16h/2700F 1 yes 123 76 48 from 3200 to 34000 F.
lh/3300°F no 91 54 - normal recrystallized state
5h/3500°F no - - 45
5h/3700°F no 62 63 55
5h/3700°F n
+ 16h/2700oF no 83 52 33

"True" hot-working (i.e. above recrystallization temperature) of alloys such as
TZC or TZM (Mo-0.5Ti-0.08Zr-0.04C) also produces a noteworthy improvement of high-
temperature properties by the effect of initial soaking. It will therefore be
immediately seen that the fabrication history of the metal (particularly the working
temperatures) will have a considerable effect on the properties of the final product.

The alloy Mo-0.5Ti+C (MTC) appears relatively insensitive to heat treatments.

Taking the alloy Mo-X-C (where X is Ti, Zr or Hf), in order to obtain the
theoretically best reaction, the ratio of the X and C contents must be that best
suited to the formation of the carbide XC, otherwise it will produce the carbide
Mo2C, the particles of which are coarser and more soluble, and hence less effective.
In practice, it is taken that the X/C ratio should be about 1.7 to 2.5 times its

theoretical value. Moreover, the carbon content cannot be increased withoutexcessive brittleness and 0.2% carbon is considered to be the maximum.

Artificial insoluble dispersion strengthening (addition of Ti 2 - ZrO2 or ZrC
by powder metallurgy techniques) is the subject of numerous research projects, but
has not so far given any conclusive results.

5.1.3.2 Solid solution strengthening. This approach has been taken up more
recently.

Elements such as W, Ta, Nb, V, Ti and Cr form almost total solid solutions with
Mo. The solubility of Fe, Al and, especially, Ni, Si and Co is more'limited.

Ii
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Gontrainte

~saging Charge die rue; r Oh eaqe
Traitement ulteirieur ture (kgm I en ruptureaqu

a a I1.000
final 200C 1.2000C (kg/m2 )00

lh/i.6500C oul 84 38 22,4 Etat normal de product.
5h/2.0600C oui 84 55 35 tilitd 1 200. La to de

5h/2. 0600C ou 6 533. recristallisation passe

lh/1.7900C non 64 38 - 4tat normal recristal.
5h/1.9250C non - - 31,5

5h/2.0600C non 43 44 38,5
+ 1h/2.500 0C non 58 36 23

-Le travail & chaud "'vdritable" (isavoir au-dessus de la tempdrature de
recristallisation) des alliages tels que TZC ou TZM (Mo-0,5Ti-O,O8Zr-O,04C) provoque
dgalement une am~lioration notable des caractdristiques A chaud, par effet de nise
en solution initiale. On peut done immddiatement noter que l'historique de la
fabrication (et en particulier les tempdratures de travail) auront une rdpercussion
considdrable sur les caractdristiques du prodaxit final.

L' alliage Mo-0, 5Ti+C (MTC) apparaft relativement insensible aux traitements
thermiques.

Si P'on consid~re l'alliage Mo-X-C (% dtant Ti, Zr, Hf), pour obtenir thdoriquement
la meilleure rdaction, il faut que le rapport des teneurs X/C corresponde au --ieux
i la formation du carbure XC, sinon on obtiendra le carbure Mo2C, dont les particules
sont plus grossi~res et plus solubles, donc momns efficaces. En pratique, on admet
que le rapport X/C doit 6tre de l'ordre de 1,7 A 2,5 fois sa valeur thdorique.
D' autre part, on ne peut acorottre trop fortement la teneur en carbone, sans obtenir
une excessive fragilitd et on consid~re que 0, 2% de C est un maximum.

Quant au durcissement par phase dispersde insoluble artificielle (addition de
T102, ZrO2. ZrC, par des techniques de m~tallurgie des poudres), il fait 1'objet de
nombreuses recherches, mais n' a pas donnd jusqu' ici de rdsultats tr~s probants.

5.1.3.2 Le durcissement par solution solide. Cette solution a 4t envisagde

plus r~cemment.

Les 616ments tels que W, Ta, Nb, V, Ti, Cr, forment des solutions solides quasi
totales avec Mo. La solubilitd de Fe, Al, et surtout Ni, Si, Co, est plus limit~e.
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From the point of view of increasing ultimate tensile strength at high
temperatures, it may be noted that:

Co - Zr - Hf - Ti are extremely effective,

Nb - Al are active,

V has some slight action,

W has very little action.

Yet all the elements mentioned, except Ti, Nb and W, seem to increase the
brittleness of the metal considerably without changing its recrystallization
temperature very much. But the study of the various elements involved in the solid
solution effect is not yet very complete.

That is why, so far, only solid solution hardening by W has been considered in
practice (Ti and Nb are used in dispersion hardening).

Rheniuw is worthy of special mention. It is very largely soluble in Mo (46% at
2200OF - 59% at the eutectic temperature of 4550 0F). The major effects of the
addition of Re are: considerable increase in hardness and mechanical properties at
high temperatures - improvement in fabricability and ductile-to-brittle transition
temperature - does not become brittle after recrystallization.

Effect of Re on ductile-to-brittle transition temperature in bending test on
recrystallized metal:

Re 0 () 20 30 40 46 50

Transition temperature (OF) +140 +30 -40 -110 -200 -290 <-420

Many investigations have been conducted to try to explain this unexpected effect.
The improvement of ductility at low temperatures is accompanied by considerable
twin-crystal formation and elimination of the yield point. It is also thought that
rhenium reduces the solubility of the interstitials and of oxygen in particular,
which reduces the pinning of dislocations. Rhenium also seems to reduce the
"wettability" of the grain boundaries by oxide phases.

But the scarcity and very high price of rhenium have prevented its use for
constructional alloys. That is why a great deal of resevrch is being done to find
metals or groups of metals which would produce an equivalent effect.
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Du point de vue de 1' augmentation de la cha'.ge de rupture en traction i chaud, on
peut noter que:

Co - Zr - Hf - Ti, sont extr~mement efficaces

Nb - Al sont actifs

V a une action assez faible

W a tr~s peu d' action.

Cependant, tous les 6ldments citds, sauf. Ti, Nb et WV, semblent accroftre con-
siddrablement la fragilitd du mdtal et changent peu sa tempdrature de recristallisation.

V' dtude de 1' influence des diffdrents 4ldments entrant en solution solide n'est
cependant pas encore tr~s compl~te.

Clest pourquoi. jusqu'& pr~sent, seul le durcissement par solution solide par W a
dtd considdrd pratiqueinent (Ti - Nb jouant par ailleurs un rdle de durcissement par
dispersion).

Le rhinitwn doit faire 1' objet d'une mention particuli~re. Il entre largement en
solution dans Mo (46% & 1.2000C - 59% 1 la tempdrature eutectique de 2.5050C). Les
effets majeurs de l1'addition de Re sont: accroissement notable de la duretd et des
caractdristiques m~caniques i chaud - amdlioration de la fabricabilitd et de la

tempdrature de transition ductile-fragile - pas de fragilisation apr~s
recristallisat ion,

Effet de Re sur la tempdrature de transition ductile-fragile en pliage sur mdtal
recristallisd:

Re(%6) 0 0 10 20 30l 40 46 501
To de transition (0 C) +60 0 -40u -80u -130 -180 <-250

Cot effet inattendu a fait 1' objet de nombrouses investigations en vue de
l'expliquer. L'amdlioration de la ductilitd A ba.3se tempgrature est accompagnde
d'un effet do miclage tr~s important, avec dlimination du Pic de limite 4iastique
(yield point), On pense en outro que le rhdnium rdduit la solubilitd des
interstitiels, et particuli~rement de 1' oxyg~ne, d' oa un moindre effet do blocago
des dislocations. Il semblo dgalement que le rhdnium rdduit Ia nouillabilit4 des
joints do grains par les phases oxydes.

Mais la raretd et le Prix tr~s dlevd de co mdtal me permettent pas jusqu' A prdsent
d'envisager son utilisation pour des alliages do construction. C'est pourquoi de
nombreuses recherchos sont offectudes pour trouver des mdtaux ou des groupemonts de
mdtaux ayant un effet dquivalent.
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5.1.4 Improvement of welding properties. More specifically the properties of the

welds have been studied in order:

To reduce tendency to cracking, deoxidising elements added to improve the
fabricability of the metal have been found effective; these include C, Ti and
Zr (as for the improvement of mechanical properties at high temperatures).
The addition of Al also appears interesting but it must be limited to 0.2-0.3%
owing to the formation of a eutectic with a low melting point. The addition
of B has given irregular results (boron carbide is probably formed).

To reduce porosity (due to liberation of the oxide) it is also essential to
add deoxidisers to form non-volatile oxides or nitrides, such as Ti or Zr.
C and Al are not favourable from this point of view unless they have fully
completed their action in the previous phase of consolidation.

To reduce grain size in the weld, the most effective elements are Ti (> 0.5%),
Zr, Nb, Al (> 1%). But Nb forms a low-melting-point oxide and leads to
cracking. Aluminium must be limited to 0.2-0.3% for the reasons given above and
is less effective at such low contents.

The favourable additives are therefore Ti (> 0.5%), Zr (0.5%), C, Al (0.2%),
which are practically the same as those recommended for improving mechanical properties
at high temperatures.

6. PHYSICAL PROPERTIES OF SOME ALLOYS

The majority of molybdenum alloys are prepared by vacuum arc melting. Efforts
are being made by some organisations (Sylvania) to produce certain alloys (MTC, TZM,
MoW) by powder metallurgy. For equivalent final composition and structure, the
mechanical properties of cast and sintered alloys are very similar.

6.1 Composition of Principal Alloys

The following table gives the composition of the principal molybdenum alloys:

Principal producer Designation Ti Zr C W Ta N Others

Climax
Fansteel MTC 0.5 0.03
Universal Cyclop
Sylvania(a)
Climax
Universal Cyclop T2M 0.5 0.08 0.04
Sylvania(a) i
Fansteel Fan 42 0.5 ().08 0.04

(a) Produced by powder metallurgy (Continued)
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5.1.4 Am~lioration de la soudabilitg. De faqon plus prdcise des dldments
d'addition ant dtd utilisgs:

Pour amdliorer la criquabilitd, on a notd 1' efficacittd des 64lments ddsoxydants
ajautds Dour amdliorer la fabricabilitd du in~tal, tels que C, Ti, Zr (ce qui
rejoint 4galement l'amdliaration des caractdristiques zndcaniques & chaud).
V'addition d'Al aparaft dgalement int~ressante, mais doit etre limitde 1 0,2-
0, 3% du fait de la formation d' un eutectique A bas point de fusion. L' addition
de B a donnd des rdsultats irr4guliers (ii y a probableinent formation de carbure
de bore);

Pour rdduire les porositds (dues au d~gagement de 1' oxyde) ii est dgalement
essentiel d' ajouter les ddsoxydants formant des oxydes ou nitrures non volatils,
tels que Ti ou Zr. C et Al ne sant pas favorables de ce point de vue s' us
Wo nt pas accompli totalement leur r~le dans la phase antdrieure de
consolidation.

Pour rdduire la taille du grain dans la soudure, les 4ldments efficaces sant
Ti 0~ 0, 5%) Zr, Nb, Al (> 1%). Mais Nb farme un axyde & bas point de fusion,
d' oi criquabilitd. Quant A l1'aluminium, ii dait Otre limitd A 0, 2-0, 3% pour lea

raisons indiqudes plus haut, et il eat mains efficace A de telles teneurs.ILes 4l4ments d' addition favarables restent done Ti (,> 0, 5%), Zr (0, 5%) C, Al (0, 2%,),
ce qui rejoint pratiquement ceux ddfinis pour amdliorer les caractdristiques mdeaniques
A haute tempdrature.

6. PROPRIETES PHYSIQUES DES PRINCIPAUX ALLIAGES

La majaritd des alliages de molybd~ne eat dlaborde par fusion A l1'arc sous vide.I
Cependant, des efforts saint faits par quelques organisations (Sylvania) pour rdaliser
certains alliages (MWC, T7IA, MaW) par m~tallurgie des paudres. A composition et
structure finales dquivalentes, lea caractdristiques m~caniques des alliages coulds
au frittds sant trbs voisines.

6.1 Composition des Principaux Alliages

Le tableau ci-apr~s donne la composition des principaux alliages de molybd~ne:

Producteur principal Disignation Ti Zr C IW Ta Nb Autres

5 Climax

j ~~~Universal cyclop 0500
Sylvania(a)J

Climax
Uyvnivral CycJo TZld 0,5 0,08 0,04

Fansteel Fan 42 0, 5 0,08 0, 04J

e(a) Production par me'tallurgie des paudres (Voir page suivante)
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Principal producer Designation Ti Zr C W Ta Nb Others

Climax Mod. TZM 0.5 0.2 0.07 1.6
Climax TZC 1.2 0. 25 0. 15
General Electric1

Climax Mod. TZC 1.3 0.3 0.3
Climax 0.05 0.03
Climax 0 . 5 0.057
Climax 0 . 05 1.5

Climax WZM 0. 1 0.05 25
Climax 0.3 0

Sylvania(a) 
30

ClimaxSylvania(a)l] 0.01 50

General Electric MTZ 1.2 0.07

(a) Produced by powder metallurgy.

6.2 Physical Properties

Thermal Coeff. Of Specific Electrical

Density Melting conductivity thermal heat at resistivity
Alloy (ib/in') point at R.T. expansion R.T at R.T(l/n) ( 0F) (Btu ft/h at R.T.

(OF (tuft~ a R T (Btu/lb *F) (microhm-cm)
ft 2 °F) (microin/in OF)

Cast MTC 0.367 4730 6 8 . 2 (b) 3 . 06 (a) 0.066 5.1
Cast T17 0.367 4730
TZC 0.363 52 2.90
0.05 Zr 4730
0.5 Zr 0.368 4730
1.5 Nb 0.368
S0.418 5055
30W 0.43 5160 8
5GW 0.483 5450

(a) 3.4 at (mean) from R. T. to 18300F. (b) 58 at 1830°F.

Superconductivity:

Mo + 25 Re : 9.8°K in zero field strength - 0°K for H = 16 kgauss

Mo + 50 Re : 9.3 0 K in zero field strength - 4.20K for H = 30 kgauss

Mo + 60 Tc : 15°K in zero fidld strength - 1.3 0K for H = 40 kgauss

compound MoN : 12°K in zero field strength,

compound Mo3Re : 10.5°K in zero field strength,

compound MoC : 7.9 0 K in zero field strength.

"_N__
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Producteur principal Designation Ti Zr C W Ta Nb Autres

Climax TZM mod. 0,5 0,2 0,07 1,6
Climax TZC 1,2 0,25 0,15
General ElectricI

Climax TZC mod. 1.3 0,3 0,3
Climax 0,05 0,03
Climax 0, b 0,05
Climax 0,05 1,5
Climax W7I 0,1 0,05 25
Climax | 0, 03 30Climax

Cl m x ( 0,01 50Sylvania a)
General Electric MTZ 1,2 0,07

(a) Production par mdtallurgie des poudres.

6.2 Proprietds Physiques de Quelques Alliages

To de Conductibilitr Coefficient de Chaleur TRgsistivite'

Alliage Densit , TO. thermique edilatation ' spdcifiquej &lectrique
(g/cM 3) f(o0 ' 20°C a× 4o /o0C h 200C

(r) (calls °C cnt 0(X1'*) (callg °C) (microhm-cm)

MTC could 10,2 2.610 0 , 35 (b) 5 , 5 (a) 0,066 5,1
TZM could 10,2 2.610 0,06
TZC 10,1 0,215 5,2
0,05 Zr 2.610
0,5 Zr 10,2 2.610
1,5 Nb 10,2
WzM 11,3 2.780
30W 11,5 2.835 8
50% 12,9 3.000

(a) 6,10 de 20 a 1.0000 C. -kb) 0,24 a 1.000°C.

Supraconductivitd:

Mo + 25 Re 9,8 0 K dans un champ nul, 0°K pour H = 16 kgauss

Mo + 50 Re 9,3 0 K dans un champ nul, 4,2 0 K pour H = 30 kgauss

Mo + 60 Tc 150K dans un chwmp nul, 1,3 0K pour H = 40 kgauss

composd MoNt 120K dans un champ nul,

composd Mo Re : 10, 50K dans un champ nul,

composd MoC 7,9 0 K dans un champ nul.
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7. MECHANICAL PROPERTIES OF SOME ALLOYS

7.1 Tensile Properties at High Temperatures
(Mean values)

7 0AyF 2000OF 2200°F 24 O0 F 2600OF

_St1 e7.) YS I(%) YS _() YS_
(kpsi) (kpsi) (b) (kpsi) (b) (kpsi) ,(b) (kpsi) (b)

MTC P-C-D g 95 106 6
p 100 110 8

T-C-D g 120 130 10
p 116 125 8-20 70 80 5 10 20 30

T-F-D 140 150 7 62 78 10 38 56 10 21 28 20

B-C-D g 80 90 12
p 107 115 25 53 60 17 9 18 60

T-C-R p 72 78 35 14 30 20 9 17 30 10 13 14
T-F-R 68 80 32 14 20 50
B-C-R p 68 78 34 13 25 26 10 13 22

TZM T-C-D g 102 122 10
p 120 140 20 63 70 15 41 50 8 40 13 9* 14* 60*

T-F-D p 113 128 12 50 57 10
B-C-D g 90 107 20 63 72 17 41 50 30

p 120 128 27 80 21 62 25 52 30

T-C-R 68 72 35 35 10 21 30
B-C-R p 77 80 32 35 45 30 55 21 70

TZC T-C-D 104 112 20 50 57 10 40 50 11 40 15 25 25

TZC" B-C-D 104 145 23 100 12 76 12 41 62 26
(mod) B-C-R 57 84 8 17 55 36

0.05 T-C-D 114 126 13 35 46 20 30 38 25 17 23 28
Zr B-C-D 110 126 30 54 70 14 20 25 25

(+ C) T-C-R 63 78 36 17 30 50 14 23 55 10 17 60
B-C-R 60 '16 23 13 20 60

0.5 T-C-D 93 114 20 54 60 8 43 50 10 21 34 28

Zr B-C-D 90 114 25 30 35 22

(+ C) T-C-R 83 40 30 21
B-C-R 63 84 48 11 23 80

MTZ B-C-D 26

for references (page 145). (Continued)
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7. CARACTERISTIQUES MECANIQUES DES PRINCIPAUX ALLIAGES

7.1 Caracteristiques Micaniques en Traction A Chaud
(Valeurs moyennes)

20 0 C 1.090"C I. 2000C 1.3200 C 1.4300C

Alliage Etat(a) ILEI R A(%o) LEi AI,(%) LE R A(%6) LI R A(%) IE R A(7o)

(k g' (b) (kg/mm (b) (kg/mm 2  (b) (kg (b) (kg/mm 2) (b)

MTC P-C-D g 67 74 6
p 70 77 8

T-C-D g 84 91 10
p 8% 88 8-20 49 55 5 7 14 30

T-F-D 98 105 7 43 55 10 27 39 10 15 20 20

B-C-D g 56 63 12
p 75 80 25 37 42 17 6 13 60

T-C-R p 50 55 35 10 21 20 6 12 30 7 9 14
T-P-R 47 56 32 10 14 50B-C-R p 47 55 34 9 18 26 7 9 22

TMJ T-C-D g 71 85 10
p 84 98 20 44 49 15 29 35 8 28 13 6* 10* 60*

T-F-Dp• 79 90 12 35 40 !0
B-C-D g 63 75 20 44 50 17 29 35 30

P 84 90 27 56 21 43 25 36 30
T-C-R 47 50 35 25 7 15 30
B-C-R p 54 56 32 25 45 21 55 15 70

TZC T-C-D 73 78 20 35 40 10 28 35 11 28 15 18 25

TZC B-C-D 73 100 23 70 12 53 12 29 43 26
mod. B-C-R 40 59 8 12 39 36

0,05 T-C-D 80 88 13 25 32 20 21 27 25 12 16 28
Zr B-C-D 77 88 30 38 49 14 14 18 25

(+ C) T-C-R 44 55 36 12 21 50 10 16 55 7 12 60
B-C-R 42 53 23 9 14 60

0,5 T-C-D 65 80 20 38 42 8 30 35 10 15 24 28
Zr B-C-D 63 80 25 21 25 22

(+ C) T-C-R 58 28 21 15
B-C-R 44 59 48 8 16 80

MZW B-C-D 26

voir rgfe'rences (page 145). (Voir page suivante)

<I __ _
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70OF 2000OF 2200OF 2400OF 2600OF

2%U~E O6 El. 0.2 E 0 2 WiFElAlloy State(a) 0. YS0 E So) (El

(kpsi) (%)(kpsi) (b) (kpsi) (b) (kpsi) (b) (kpsi)

1.35 NbT-C-D 120 140 7 46 72 8
B-C-D 107 127 4 14 23 75
T-C-R 80 93 30 42 25 21 64
IB-C-E 54 87 341 11 21 30

WZM !T-C-D 128 145 8

5 B-C-D 130 145 30 72 22425
!T-C•R 80 100 40
!B-C-R 90 95 27 17 25 50

30W B-C-D g '76 191 10
p 107 122 22 57/ 25

B-C-R 70 83 12 28 80

50W B-C-D 133 145 14 46 80 26 20 50 37

g = low amount of "cold work", p high amount of "cold work" at 3000OF

(a) P = plate I C = arc-cast D = stress-relieved
T = sheet (< 0.2 in thick) F = powder metallurgy R = recrystallized

(b) forged bars.

7.2 Materials Advisory Board Targets

The target figures laid down by the Materials Advisory Board are:

Moderate strength readily High strength alloy
fabricable alloy

In optima conditions
Elongation at +70°F 10 2
Tensile properties (Kpsi) at 20000 F, YS = 60. UTS = 75 24000F. YS = 60, UTS = 75

24000F, YS = 35, UTS = 50 30000 F, YS = 15, UTS = 25
Recrystallization

temperature (lh) 2600°P 3200°F
Notched/unnotched UTS ratio 1 at 70°F 1 at 210°F
Ductile-to-brittle transition

temperature (bend on 4T) -40OF +75°F

Bending at +7OF ' eldbase metal 1 T 4 T
(weld 4 T

In recrystallized condition

Elongation at 70OF (%) 10 2

__ _ __- - 4
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20 0C 1. 0900C 1.2000C I. 3200C 1. 4300C

Ailiage Etat~a) LB BR A(%.) LE B A(% LE R A (76) LB R A(7o) LB R (%ý)
(k,/MM2) (b) ( 2gl2) 2'kg/m) (b) (kg MM2) (b) (kg/mm2) (b)

1,5 Nb T-C-D 84 98 7 32 50 8
B-C-D 75 89 4 10 16 75
T-C-R 56 65 30 29 25 15 64
B-C-R 38 61 34 8 15 30

WZM T-C-D 90 100 8
B-C-D 91 100 30 50 22
T-C-R 56 70 40
B-C-R 63 67 27 12 18 50

S30W B-C-D g 53 64 10
p 75 85 22 40 25

B-C-R 49 58 12 20 80

5OW B-C-D 93 100 14 32 56 26 14 35 37

B-C-R - 68 - 11 28 55 10 18 75
It

g faible degri de corroyage, p = fort degr4 de corroyage. * h 1.6500C

(a) P w t6les epaisses C = coule ' 1' arc D = recuit de detente
T = t6les (dp. < 5 mm) F = metallurgie des poudres R = recristallise

(b) Allongements dans le sens long par rapport i la direction du dernier laminage.

7.2 Specifications du Materials Advisory Board

Les buts ? attelndre fix4s par le Materials Advisory Board sont:

Alliage fabricable ' Alliage a

rdsistance moderde haute r~sistance

Dans les conditions optima

A (%) 1 200 °C 10 2
6 1.0900 C, LE 42. R, 53 1.3200 C, LE =42, R= 53

1.3200 C, LE = 25, R = 35 1.6500 C, LE = 11, R = 18

Temp4rature recristallisation (1h) 1.4300C 1.760 0 C
(R lisse)/(R entaill4) 1 A 20 0C I " 1000C

To transition ductile-fragile
(pliage A 4 T) -40 0C +250C

J metal de base I T 4 T

Pliage & 20°C soudd 4 T

A l'etat recristallise
A ( 1) & 200 10 2
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7.3 Creep Properties

7.3.1 Stress-Rupture Data (Mean values in kpsi):

1800°F I 2000°F 2200OF 2400°FAlloy State(a) - - - -- - - - - - -

1h 1Oh 1OOh lh lOh IOOh lh 1Oh 1O1h 1h 11h lOOh

MTC T-C-D 63 58 51 60 48 38 18 10
T-F-D 38 28
B-C-D 70 63 56 57 46 35 18 10
T-C-R 33 30 27 30 24 20
B-C-R 33 28 28 31 6

TZM T-C-D 73 68 60 50 35 23

T-C-R 46 40 35 30 20

TZM B-C-D 75 70 62 54 23 33 22 10
(mod.) B-C-R 40 34 30 17 22 10

TzC T-C-D 40 32 20
B-C-D 78 74 70 33 25 35 28

T-C-R 18
B-C-R 64 60 53 50 43 50 38 32

0.05 T-C-D 64 57 50
Zr B-C-D 60 35

(+ C) T-C-R 30 25 21
B-C-R 33 25 21

0.5 Zr T-C-D 37 30 15
(+ C) T-C-R 40

1.5 Nb B-C-D 0 64 13
T-C-R 3017 11
B-C-R 37 15

WUz B-C-D 85 80 43 33 18 15 12
B-C-R 38 35 23 17

30W B-C-D 60 47

5OW B-C-D 66 58 25 15
B-C-R 38 33 21 15

(a) T = sheet (< 0.2 in thick) C = arc-cast D = stress-relieved
B = forged bars F = powder metallurgy R = recrystallized
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7.3 Caracteristiques de Fluage

7.3.1 Rupture Diff~rie (kg/mm 2) (Valeurs moyennes):

9800C 1.0900C 1.2000C 1. 3 20°C
Alliage Etat(a)

Ih 11Oh 1Oh lh 1h1Oh OOh lh 1Oh 1OOh lh 1Oh 1OOh

MTC T-C-D 43 41 36 42 34 27 13 7
T-F-D 27 20
B-C-D 49 44 39 40 32 25 13 7
T-C-R 23 21 19 21 17 14
B-C-R 23 20 20 15 4

TZh T-C-D 51 47 42 35 25 16
T-C-R 32 28 25 21 14

T2d B-C-D 53 49 43 38 16 23 15 7
mod. B-C-R 28 24 21 12 15 7

TZC T-C-D 28 22 14
B-C-D 55 52 49 23 18 25 20
T-C-R 13
B-C-R 45 42 37 35 30 35 27 22

0,05 T-C-D 45 40 35
zr B-C-D 42 25

(+ C) T-C-R 21 18 15

B-C-R 23 18 15

0,5 Zr T-C-D 26 21 11

(+ C) T-C-R 28

1,5 Nb B-C-D 56 45 9
T-C-R 12 8
B-C-R 26 11

W2I B-C-D 60 56 30 23 13 11 8
B-C-R 27 25 16 12

30W B-C-D 42 33

5OW B-C-D 46 41 18 11
B-C-R 27 23 15 11

(a) T = t6les (4p. < 5 mm) C = cou14 1' l'arc D = recuit de detente
B = barres forgees P = metallurgie des poudres R = recristallise
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7.3.2 Creep Stress

1800OF 2000°F 2400°FTine (h)

Time (h) Time (h) needed for
Alloy State needed for needed for elongationofeelongationAloy Stte Stress neddfr Stress neddfr Stress[ of

0. .5aion, (kp~i) o tes o
(ks) emation of kpi el, nga tion of (pi

(kPsi) 1 2 1 5 0.5 1 2 5 (kps)0.5 1 5

UTO Stress 70 1 50 0.1 1 2.5
relieved 60 1.6 4 9 20 30 3.5 37 200

50 6 16 34 125 210 20 25 160
45 7 27 260 600

Recrys- 30 1 20 13
tallized 27 5 18 125

11 1000S
TZM Stress- 85 1 30 1

relieved 80 1 27 1
Recrys- 20 1
tallized 15 1

SStress- 74 35 1
relieved
Recryst. 32 20

"0.05 Stress- 70 1 46 10 45 10
Zr relieved 62 10 30 100 30 100

S(+ 0) 55 10

Recryst. 25 10 20 10

1.5 Stress- 60 10 141

Nr relieved 7
(+ C) Recryst. 40

35 1 10 10

1.5 Stress- 75 1 11
Mb relieved 70 3

Recryst. 340 15 1

35 10 13 1

W30 Stress- 14 3
relieved
Recryst. 38 1 15 1

137 1 11 13 10 1

F30W Stress- 50 2

WIrelievedL

50W Stress- 17
relieved

Recryst. 
35
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7.3.2 Fluage

9800C I. 0900 C 1.320°C

Temps (h)

Temps (h) pour Temps (h) pour pour

Alliage Etat Con- atteindre un Con- atteindre un Con- attcindre
un allonge-

trainte allongement de trainte allongement de trainte ment de

(kg/ 2) 0,20,5 1 2 5 (kg/ ) 0,51 1 2 I (kg/mm)505 0 5

MTC Res- 49 1 35 0,1 1 2,5

taur6 42 1,6 4 9 20 21 3,5 37 200
35 6 16 34 125 210 14 25 160

.31,5 7 27 260 600
Recris- 21 1 14 13
tallied 19 5 12,5 125

8 1000

TZM Res- 59 1 21 1
taurd 56 1 19 1
Recrist. 14 1

11 1 i

TZC Rest. 52 1 25 1
Recrist. 22 20

0,05 Rest. 49 1 32 10 32 10
Zr 43 10 21 100 21 100

(+ C) 38 10
Recrist. 17 10 14 10

0,5 Rest, 42 10 10 1
Zr

(+ C) Recrist. 28 1
25 1 7 10

1,5 Rest. 53 1 8 2
Nb 49 3

Recrist. 28 1 11

24 10 8 1

WZM Rest. 10 3
Rec-'ist. 27 1 11 1

26 1 9 10

30W Rest, 35 2

5OW Rest. 12 1
Recrist. 25

!1_ _ _ _ _ _ _ _ _ _ _ _ _ _
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The following is an approximate classification based on the estimated stress (kpsi)
which will give 1% creep in 1 hour:

at 1800O° at 2400°F

TZA stress-relieved ....... 84 0.05 Zr stress-relieved ... 46
1.5 Nb stress-relieved .... 77 TZG stress-relieved ....... 35
TZC stress-relieved ....... 74 TZM stress-relieved ....... 30
0.05 Zr stress-relieved ... 66 T74 recrystallized ........ 20
MTC stress-relieved ....... 64 WZM stress-relieved ....... 18
0.5 Zr stress-relieved 60 50W stress-relieved.......17
30W stress-relieved ....... 50 0.5 Zr stress-relieved .... 14
1.5 Nb recrystallized ..... 40 1.5 Nb stress-relieved .... 14
0.5 Zr recrystallized ..... 37 1.5 Nb recrystallized ..... 11
WZM recrystallized ........ 35 WZM recrystallized ........ 14
0.05 Zr recrystallized .... 28
50W recrystallized ........ 28
MTC recrystallized ........ 27

7.4 Young's Modulus

(Modulus in static tension, in millions of psi).

+70°F 1800°F 2000°F 2200°F 2400°F 3000°F

MTC 45 29 24 15.5
TZ 40 28 20 11.4
30W 50

7.5 Stress-Relief and Recrystallization

Stress-relief temperatures depend fundamentally on the metal-fabrication
conditions involved.

Recrystallization temperatures also depend on fabrication conditions. An applied
stress of 3000 to 6000 psi may lower the recrystallization tnmperature by 1800 F.

Alloy Recrystallization temperature (1h) Commonest stress-relieving
treatments

MTC 2400-2700°F (see next table) lh at 2000-2160°F (sheet)
%h at 2200°F (bars)

RZM 2640-2920°F (see next table) lh at 1920-2200°F (sheet)
15 min - lh at 2200-2380°F (bars)

TZC 2900°F (sheet) 2200°F (sheet and bars)
3400°F (bars)

(Continued)

2fI
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On peut donner le c!assement approximatif suivant (en se basant sur la charge
estimde donnant 1% de fluage en lh (en kg/mm 2)):

h 9800C 6 1.3200C

TZM restaur .............. 59 0,05 Zr restaure. ......... 32
1,5 Nb restaurd ........... 54 TZC restaurd ............. 25
TZC restaurd .............. 52 TZM restaurd ............. 21
0,05 Zr restaurd .......... 46 TZM recristallisd ........ 14

MTC restaurd .............. 45 WZM restaurd ............. 13
0,5 Zr restaurd ........... 42 50W restaurd ............. 12
30W restaurd .............. 35 0,5 Zr restaurd .......... 10

1,5 Nb recristallisd ...... 28 1,5 Nb restaiird .......... 10

0,5.Zr recristallisd ...... 26 1,5 Nb recristallisd ..... 8
WZI recristallis4 ......... 25 WZM recristallis I........ 10
0,05 Zr recristallisd ..... 20
50W recristallisd ......... 20
MTC recristallisd ......... 19

7.4 Module d'Elasticite'

(Module statique en traction - kg/mm2),

200C 9800C i.090°C i.2000C 1.3200C I.6500C

MTC 31.500 20.300 17.000 11.000
TZM 28.000 20.000 14.000 8.000
30W 35.000

7.5 Restauration et Recristallisation

Les tempdratures des traitements de resLauration ddpandent essentiellement desconditions de transformation mises en jeu.

La tempdrature de recristallisation ddpend dgalement des conditions de transformation.
Une contrainte en service de 2 A 4 kg/mm2 peut abaisser de 100 0C la tempdrature de
recristallisation.

Alliage Temperature de recristallisation (1h) Traien de dutente

MTC 1.320-1.4800 C (voir tableau ci-aprgs) lh i 1.090-1.1800 C (t6le)
%h Aý 1.200°C (barre)

T2M 1.450-1.600'C (voir tableau ci-apr~s) lh a 1.050-1.200 0C (t8le)
S4b & lh & 1.200-1.3000 C (barre)

TZC 1.5900 C (t6le) 1.2000C (t6le et barre)
1.8700C (barre)

(Voir page suivante)
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Alloy Recrystallization temperature (1h) Commonest stress-relieving

Ac i t rtreatments

VC C (%) 0.05 0.1 1 0.2 0.3

Recryst, temp. 2900 3060 3240 3400
(bars) (OF)

0.05 Zr 2500-2640°F (sheet) ih at 2000-2100°F (sheet)
(see next table) lh at 1800 (bars)

0.5 Zr 2900°F (bars) 2700°F (sheet) lh at 2200°F (sheet)
1.5 Nb 2640°F (bars) 2300°F (sheet) lh at 2100°F tbars)

%h at 1800-2000°F (she, .

Wzb 2600°F (bars) 2740°F (sheet) lh at 2000°F (bars)
15 min at 2200°F (sheet)

30W 2600°F 2000-2300°F
50W 2700OF (bars) 2800°F (sheet) 2000°F

Arc melted alloys - Temperature for full recrystallization (1h)
for bars rolled at

2200OF [ 3000OF

Degree of reduction (%) Degree of reduction (%o
10 2C 1 30 1 60 90 10 1 20 30 1 60 90

MTC 3100 3000 2700 2600 2400 I 3180 2800 2700 2740 2820
TZM 3200 3000 2920 2700 2640 3220 3100 3000 2960 2920
0.05 Zr + C 2900 2900 2800 2600 2560 3120 2920 2880 3000 3000

Alloy TZM, arc melted - Influence of forging conditions.

Temperature (*F) for full
Forging recrystallization (1h) for the

temperature following degrees of reduction
1070 3076 607

1900°F 3600 3600 3400
2200°F - 2800 2700
2400°F 3000 2800 2700
2900°F 3200 3000 2700
3400'F 3200 3000 2800

7.6 Ductile-to-Brittle Transition Temperature

Other things being equal, the transition temperatures of the usual molybdenum
alloys are generally not much higher than those of molybdenum metal (except for the
Mo-Re alloys already described in Section 5.1.3.2).

Other
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Alliage Temp1aturederecristallisation (1h) Traitements de ditente-

restauration les plus courants

M C% 0,05 0,1 0,2 0,3T ()TO
0

are recrist. (C ~' .
(barre) (0) 1.590 1.680 1.780 1.870

0,05 Zr 1.370-1.4500C (t6le) lh A 1.090-1.150 0C (t6le)
(voir tableau ci-apr4s) lh & 9800C (barre)

0,5 Zr i.5900C (barre) - 1.480 0C (t6le) lh i 1.2000 C (t6le)
1.5 Nb 1.4500C (barre) - 1.2600 C (t6le) lh & 1.1500 C (barre)

%h a 980-1.0900 C (t8le)
YiZM 1.4300C (barre) - 1.5000C (t6le) lh A 1.0900 C (barre)

M4h & 1.2000C (t6le)
30W 1.4300 C 1. 090-1. 2600C
50W 1.4800 C (barre) - 1.5400C (t6le) 1.090 0C

Alliages fondus V l'arc - Temperature de recristallisation complete
(1h) pour des barres laminees a

1. 2000C 1. 6500C

Degrade riduction (%) Degri dereduction (%)
10 20 30 ,60 1 90 10 20 30 60 90

I I I

MTC 1.700 1.650 1.480 1.430 1.320 1.750 1.540 1.480 1.500 1.550
TZM 1.760 1.650 1.630 1.480 1.450 1.780 1.700 1.650 1.630 1.600
0,05 Zr + C 1.590 1.590 1.540 1.430 1.400 1.710 1.600 1.580 1.650 1.650

Alliage TZM fondu i Parc - Influence des conditions de forgeage.

Temperature de recrista. lisation
Temp Jrature comple'te (1h) pour des d'gres
de forgeage de reduction de

10% 30% 60%

1.030 0C 1.980 1.980 1.870
1.200°C - 1.540 1.480
1.3200 C 1.650 1.540 1.480
1.5900 C 1.760 1.650 1.480
1.870°C 1.760 1.650 1.540

7.6 Transition Ductile-Fragile

Les tempdratures de transition des alliages courants de Mo sont en gdn6ral peu
supdrieures A celles du molybdgne non allid, i condition dgales (sauf le cas des
alliages Mo-Re dgji ddtailll en Section 5.1.3.2).
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This temperature also depends greatly, as it does for niobium, on factors rnch
as: thermal treatment condition, content of interstitial impurities (02 and N2).
grain size, surface condition, method of deformation (bending, tension, impact,
notched or unnotched specimen), speed of deformation (slow or rapid).

The following table gives a few representative values of the transition
temperature (in PF)-:.

Tensile Properties Transition temp. (OF)
Tensil

lloy[ Tensile Bend Impact

Alloy Stcte' 3 -75-F -- V 00°F test test

Ufle n t- oo not-
YS FUTS l E YS UTSEI. e UTS El. E UTS El. E not- no T

(kpsi) (%)(%) (kpsi) (%)(%) kpsi (%)%)(kpsi)(%)(%) ched ched I T ched

MTC B-C-D 133 137 23 70154 156 0 10 190 0 0 -60 +60 +710
B-C-R 100 0 10 120 0 0 +30 +450 +600

T-C-D 147 0 35 162 0 24 -130 +50 <+70

T-C-R 112 0 0 130 0 0 30i+400
T-F-D <-40

0.15 Ti
0.003 G

T72 B-C-D 107 128 32 58 157 160 0 0 -10
B-C-R 80 85 35 28 118 120 8 5 +30

T-C-D -60 +120
T-C-R +30 +50

TZC T-C-D 1(i) 130 150 15 160 0 -20 +30(11)

I l'e 140 15 0 0 +15 +1 5 (ii)
T-C-R 1 80 100 30 0 0 +15 +9 0 (ii)

h 72 91 5 0 0 +30 +90(11)

0.05 B-C-D 117 150 30 58 0 0 +15 +50

Zr B-C-R 72 85 18 15 118 122 3 0 -75 70

0.5 B-C-D 90 120 30 50 128 130 0 0 0
Zr B-C-R 50 80,30130 0 0 +30

T-C-D -40

1.5 T-C-D 1(i) 128 140 10 -1160 170 0 +5 +50

Nb h 128 140 0- +80 +190 +60
T-C-R 1 85 91 35 120 123 2 0 +15 +50

h 90 100 28 118 120 1 0 -20 +230 +70

for references see page 156. (Continued)
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En outre, cette temperature ddpend fortement, comme dans le cas du niobium, de
facteurs tels que: dtat de traitement thermique, teneurs en impuretds interstitielles
(02 - N2), grosseur du grain, dtat de surface, mode de d~formation (pliage - traction -

impact - dprouvette lisse ou entailld) - vitesse de d6formation (lente ou rapide).

Le tableau ci-apr4s donne quelques valeurs indicatives de la tempdrature de
transitton (en °C):

Caracteristiques en traction 70 transition ( C) I00 -60 70 10 Traction zie-

Alliage Etat(a) en- Pliage
1 1 E A R e A lisse tail- a 900 pFLE R A E LE R A 6 R A 6 R A E ~ e i cho c

(kglm (% (%)(kgl. (%)(% (kgl (%M M%)(kg ( h IT en-

I) IMn) taill

MTC B-C-D 93 96 23 70 107 108 0 10 133 0 0 -50 +15 +380

B-C-R 70 0 10 84 0 0 -' 0 +230 +320
T-C-D 103 0 35 113 0 24 -90 +10 <+20

T-C-R 78 0 0 91 0 0 0 +200

T-F-D <-40

0.15 Ti B-C-D 
16

TZd B-C-D 75 90 32 58 110 112 0 3 -25

B-C-R 56 60 35 28 83 84 8 5 ",,0

T-C-D 50 +50
T-C-R 0 +10

70C T-C-D 1' 91 105 15 112 0 -30 0

h 84 98 15 0 0 -10 -10
T-C-R 1 56 70 30 0 0 -10 +30

h 50 64 5 0 9 +25 +30

S0,05 B-C-D 82 105 30 58 0 0:-0 +10

Zr B-C-R 50 60 18 15 8 8 3 0 -60 +20

0 _5 B-C-D 63 84 30 50 90 91 0 0 -20

zr B-C-R 35 56 30 30 0 0 e) p0

T-C-D -40

1,5 T-C-D (1") 90 98 10 - 112 119 0 -15 +10

Nb h 90 98 0 - +25 +90 +15
T-C-R 1 30 64 35 84 86 2 0 " -10 +10

h 631 70 28 83 84 1 0! -30 .+110 +20

voir references (page 157). (Voir page suivante)
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Tensile Properties Transition temp. (OF)
Tensile Bend Impact

Alloy State(a) 30°F -750F -100°F -1700°F test test test
U I YS UT I 1 UTS E . UTS)E n not - 900 not-

(kpsi) (%!(%) (kpsi) (%)(% kpsi (%) %,(kpsi)(% ce ched I T ched
I- Y )- -

ST-C-D l(t) 135 150 13 140 155 0 0 -50 430

h 128 140 8 135 145 00 +30 +50
T-C-R 90,100 35 128 130 2 0 +30 +70

h 90 100 30 112 114 0 0 +50 +95

B-C-D 3+400

30W B-C-U <+30

50W T-C-D 1(t) +195
h +300

T-C-R 1 +450
l+cm +380
h +62
h+c_ i , +380_]

(a) T sheet (< 0. 2 in thick) C = arc cast D = stress-relieved

B forged bars F = powder metallurgy R = recrystallized

(1) 1 finish rolling at relatively "low" temperature

h =finish rolling at relatively "high" temperature

cm =chem-millllng finish

(i1) The transition temperatures of this alloy rolled under protective atmosphere in the

IN PAB shop (Univ. Cyclop) are distinctly higher.

rI
€I
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Caract~ristiques en traction To transition (00)

0 °t-00°C -7§°C ( g-% ( O°( Traction Fle-

SEtat(a) -60 70 n~.en- Pl iage xo

LE R A,2 6a2 LE A a A6 R I P cho

Uzt T-C-D 1)95 105 13 100 110 0 0 -45 -,'0
h 90 98 8 95 100 0 0 •0 +10

T-C-R l 63 70 35 90 91 2 0 "-0 420
I h 63 70 30 78 80 0 0 +10 +35

B-C-D +200

30w B-C-D <00

50W T-C-D 1) +90
h +150

T-C-R 1 +230
l+cm +190
h +330
h+cm J +190

(a) T = t~les (4p. < 5 M) C = could & 1' arc D = recuit de d6tente
B = barres forgees F = mdtallurgie des poudres R = recristallise

(1) 1 = laminage final ' basse templrature
h = laminage final a haute tempdrature

cm = finition par chem-milling

* Les tempdratures de transition de cet alliage lamin4 sous atmosphere protectrice de 1'atelier
IN FAB (Univ. Cyclop) sont nettement plus 4levees.
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The influence of the final condition (on arc cast and fabricated metal) is as
follows:

Transition Temperature (7F)

Alloy Al TZt(13)
CBend test Alloy 0.05 Zr

Tensile 900 uend test 90t on IT
test (bars)

Specimen Degree
of Trans. C Direc- Trans.

Temper un- not- reduc- temp. ( State 2) tempnot- tion in (OF) t ite (2 F)

ched rolling I I I
R coarse grain (300,u) +400 +660 96 -60 0.022 str.-rel. T +50

Recrys- medium grain (200/i) +380 +620 90 -20 L -50

tallized fine grain (30Ai) +120 +430 60 +120
40 +190 recryst. T +80

As rolled 25% +490 +570 20 +250 L +20
68% -10 +320 0.053 str.-rel. T +115

L +90

Rolled 68% and str.-rel. -60 +210 recryst. T +130L +140

(i) C =0. 03% (2) T = Bending transverse to final rolling direction
02 = 50 ppm L = Bending parallel to final rolling direction
N2 - 30 ppm
H 1 < I ppm (3) stress-relieved

8. CORROSION BY GASES, CHEMICALS AND LIQUID METALS

8.1 Resistance to Oxidation

Owing to the extremely poor resistance of molybdenum to oxidation in air, a
great deal of research has been carried out to try to discover more resistant alloys,
the basic idea being to add elements whose oxides can combine with MoO 3 to form stable
molybdates or which form oxides in place of Mo0 3 and are thus stable.

Nickel is the most interesting additive: it forms a molybdate of nickel (Mo0.Ni)
which has a protective and self-regenerative effect; This molybdate is unstable at
low temperatures but can be improved by the addition of Mn. But the content
required is at least 10 - 15% and the quantity of the fragile intermetallic
compound Mo-Ni between the grain boundaries is so large that these Mo-Ni alloys
are very difficult to fabricate and remain very brittle, while their mechanical
properties at high temperatures are rather poor.

V _
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L'influence de l dtat final est le suivant (sur produits obtenus i partir de
metal could):

Tempgrature de transition (*C)

All. MTC2l) Alliage MW(3 AlIliage 0,05 Zr0Traction - Pliage 900 Pliage a 9CoBarres sur IT

Eprouvette D' de TO T'0
r~duc- de Cde

Etat en- tion t ran- Etat Sens~2  tran-

lisse tail- au sition sit ion
Ide1 lamin. (*C) (0c)

IRecris- Igros gr. (300/i.) +200 +350 96 -50 0,022 restaurd T +10

tallisd gr. inoy. (200/1) +190 +325 90 -30 L -45

1gr. fin (30Ai) + 50 +220 60 +50
___ - 40 +90 recristallisd T +25

'rut de 25% +250 4i800 20 +120 L -5
corroyage 68% - 25 +160

________________ - 0,053 restaurd T +45

Corroyd 68% + restaurd - 50 +100 L +30
recristallisd T +55

L +60 '
(1) C = 0,03% (2) T pliage en travers du sens de inuinage

02 =50 PPU L pliage en long par rapport au sons de laminage

N 2 =30 ppm
H2 < 1 PPM (3) restaurg

* ~8. CORROSION PAR LES GAZ, PRODUITS CHIRIIQUES ET METAUX FONDUS

8. 1 Rsistance & 1' Oxydation

Du fait de la rdsistance extr~menent mauvaise du molybd~ne & 1' oxydation dans 1'air,
de nombreux programmes de recherches ont dt entrepris en vue d' obtenir des alliages
prdsentant une tenue amdliorde, les iddes de base dtant d' aJ outer des dldments dont
les oxydes puissent se combiner avec MoO 3 pour former des nolybdates stables ou des
dldments dont los oxydes se forment au ddtriment de MoO 3 et soient stables.

j ~Le nickel ost l'dl4ment d'addition le plus intdressant; il se forme un molybdate
de nickel Mo0.Ni, protecteur et autordgdndrateur (ce nolybdate dtant cependant instable
& basso tempdrature, quoique amdliorable par une addition do Mn). Mais los teneurs
reQuises sont dWau momns 10 & 15% et la quantitd do coinposd interm~tallique fragile
Mo-Ni rdpartio aux Joints des grains est tello quo ces alliages Mo-Ni sont extr~bement
difficiles & trarisformer et restent tr~s fragiles, tout en ayant do faibles
caractAristiques mdcaniques i chaud.
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Chromium, cobalt, titanium and calcium have some effect. At 20000 F, alloys such.
as: Mo + 8.5% Ca, Mo + 15% Ni, Mo + 15% Ni + 2% Co and Mo + 30% Cr + 5% Ti have shown
resistance to oxidation (measured by weight of oxide formed) 100 times greater thar
that of pure molybdenum metal. Even that improvement is still quite inadequate
(see Fig.2). These alloys are also extremely brittle, even at high temperatures.

Additions of W, Nb, Ta, Al. Be, Fe or Th have no appreciable effect.

Industrially developed alloys contain practically no addition for the express
purpose of improving their resistance to oxidation, which is almost as bad as that
of pure molybdenum metal.

8.2 Resistance to Corrosion by Chemicals

and Liquid Metal

Little information concerning alloys is available.

It may be noted that the alloy MTC is at least as resistant as Mo to molten K.

9. FABRICATION

9.1 Welding

Alloy Welding properties

MTC The welds are sometimes better than on Mo metal. They may be somewhat
ductile at R.T. Electron beam welding produces little improvement
and is sometimes even more unsatisfactory than TIG welding.
The alloy MTC may also be welded to W by the electron beam method.

TZM The quality of the welds is generally better than for MTC provided
that the metal to be welded is pre-heated to 400-5750 F, to avoid
cracking.
The narrower the welded area and the slower the welding speed, the
lower the transition temperature in bending (+ 340 to + 140 0F).
Both metal and gas need to be scrupulously clean.
Electron beam welding can be used for thin sheet (0.004 to 0.008 in
thick).

TZC The quality of the welds is equivalent to that of TZM.

0.05 Zr Behaviour similar to that of Mo metal.

The above considerations apply to TIG arc welding (unless otherwise stated).
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La chrome, le cobalt, le titane, le calcium, out tine certaine efficacitd. Des
alliages tels que: Mo + 8,5% Ca, Mo + 15% Ni, Mo + 15% Ni + 2% Ca, Mo + 30% Cr + 5% Ti,
ant prdsentd A 1.090 0 C des risistancea A l'axydation (baades sur le poids d'oxyde
formd) 100 fois supdrieures A celle du molybd~ne non allid. Une telle amdlioration
reste encore tr~s nettement insuff isante (voir Fig. 2, page 19). Ces alliages sont,
en outre, extrftement fragiles, meme A chaud.

Les additions de W. Nb, Ta, Al, Be, Fe, Th, W'ont aucun effet apprdciable.

Les alliages ddveloppds industriellement nWont donc pratiquement aucune addition
essentielle dane le but d' amdliorer leur rdsistance A 1'oxydation qui est sensiblement
aussi inauvaise que celle du molybd~ne non alli6.

8.2 Rdsistance i la Corrosion par les Produits
Chimiques et les M~taux Fondus

Peu d' informations sont diaponibles pour lee alliagee.

On note que l'alliage MTC rdsiste au mains aussi bien que Ma A K fondu.

9. MISE EN FORME

9.1 Soudage

All jage Soudabilite'

MTC Lee soudures saint parfais meilleures que sur Ma non allid. Elles
peuvent prdsenter quelgue ductiliti A 200C.- Le soudage par bombarde-

ment dlectronique apporte peu d' amdliorr~tion, et mfte parfais est
plus ndfaste que le soudage TIG.
V' alliage MTC peut dgalement Otre soudd A WV par bombardement
dlectronique.

TMt La qualitd des soudures est dana 1'ensemble meilleure que pour le MTC
A condition de prdchauffer le mdtal A souder A 200-3000C, pour dviter

des criques.
La tempdrature de transition en pliage (+ 175 0C A + 600C) est d' autant
plus basse que la zone soudde est plus dtroite et la vitesee de
soudage plus lente.
Une propretd extreme du m~tal et du gaz est n~cessaire.

_______________La soudure par bombardement dlectronique peut Otre appliqude aux t6les
minces (0,1-0,2 mm).

TZC Qualitd des saudures dquivalente A celle du TZM.

0,05 Zr Camportement semblable A celui de Mo non allid.

Lea considdrations pr4cddentes e' appliquent au cas de saudage par fusion A l1'arc
TIG (sauf mention cantraire),
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9.2 Brazing

Owing to the difficulties resulting from the welding of molybdenum and its alloys
by fusion, great attention has been given to the possibility of finding a solution
in brazing.

A fundamental necessity for the brazing metal is, firstly, that it shall melt at
a temperature below the recrystallization temperature of the base metal and shall not
form brittle intermetallic compounds with Mo, and secondly, that the recrystallization
temperature of the alloys formed by diffusion with Mo in service shall not be much
lower than that of the base metal. Moreover, the lower the melting point of the
brazing solder, the lower the maximum temperature which can be contemplated in
service. The metals and alloys which have been given first consideration are.

Ag-Cu Ag-Cu-Zn Cu-Mn Ag Ag-Mn Ni-Cr-Be Cu Nb-Ni Pd-Ni

Temperature of
the liquidus 1440OF 1325-1470°F 1600OF 1760°F 1780oF 1960°F 1980°F 2170°F 2190°F

Brazing alloys for use at low temperatures consist mainly of alloys based on Cu or
Ag, or the alloy Ag-Cu-Ni-Li.

Brazing alloys for use at high temperatures (over 12000 F) are much more difficult
to produce, for most of the metals or alloys suggested (Ni, Pt, Monel, Ni-Ti, Nb-Ti)
form intermetallic compounds. Alloys such as Pd-35 Cu or Pd-7 Al seem promising
(except for the alloy TZM).

The following alloys have also been considered:

55Co-2OCr-15W-1ONi (melting point: 26009F);
60Pd-40Ni;

Ruthenium (3300°F) or Ru-Mo (melting point: 35000F);
Mo-S (3650°F).

For the alloy TMI, the brazing solde, which has shown most promise is Ti-8Si used
at 2550°F, giving a service temperature of 3000 0F, but its application causes
partial recrystallization of the alloy and extreme brittleness (El. = 0%). This
phenomenon, which does not occur with alloys of Nb or Ta is still the greatest
handicap to be overcome. The alloy Ti + 13V + 1lCr + 3A1 has also been used but it
is not compatible with the usual protective coatings. Attempts are also being made
to find mixtures which partially melt at low temperatures and reconstitute new
alloys melting at higher temperatures by diffusion, this gives better working
temperatures ("diffusion sink technique"). For instance:
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Par suite des difficultds rdsultant du soudage par fusion du molybd~ne et des ses
alliages, une grande attention a dt donnde i la solution par brasage.

Un impdratif primordial concernant le mdtal de l'alliage de brasure est, d'une
part qu' il doit fondre & tempdrature infdrieure i la tempgrature de' recristallisatian
du mdtal de base, qu' ii ne doit pas former de composds intermgtalliques fragiles avec
Mo, et d'autre part que les alliages formds avec Mo par diffusion en service du mdtal

de brasure n' aient pas une tempgrature de recristallisation trop infdrieure i celle du
mdtal de base. Mais, en outre, plus la tempdrature de fusion de la brasure est basse,
plus la temperature maximum de service envisageable eat faible. Les mdtaux on
alliages qui ont dt considdr~s en premier lieu sont:.

Ag-Cu Ag-Cu-Zn Cu-Mn Ag Ag-Mn Ni-Cr-Be Cu Nb-Ni Pd-NiTo du
liquidus (0C0 780 720-800 870 960 1.970 1.070 1.080 1.190 1.200

Les brasures pour service & basse tempdrature sont constitudes principalenent par

des alliages A base de Cu ou Ag, ou l'alliage Ag-Cu-Ni-Li.

La rdalisation de brasures pour service A haute tempdrature (supdrieure & 6500C)
est beaucoup plu3 difficile, car la plupart des mdtaux ou alliages proposds (Ni, Pt,
Monel, Ni-Ti, Nb-Ti) forment des composds intermdtalliques. Des alliages tels que
Pd-35 Cu ou Pd-7 Al. semblent prometteurs (sauf pour l'alliage TZMd).

On a dgalement envisagd les alliages suivants:

55Co-20Cr-i5W-l0Ni (fusion A 1.425 0C)
6OPd-4ONi
Ruthdnium (1.8000C) ou Ru-Mo (fusion A 1.9000C)
Mo-B (2.000 0 C)

Pour l'alliage 7W~, l'alliage de brasure ayant montre quelque intdr~t est Ti-aSi
appliqud A, 1.4000C et ayant une tempdrature de service de 1.6500C, mais son applica-
tion provoque une recristallisation partielle et une fragilisation quasi totale
(A = 0%) de V'alliage. Ce phdfnom~ne, gui ne se produit pas avec les alliages de Nb
ou Ta, reste le plus gros handicap A surnonter. On a utilisd dgalement 1' alliage

Ti + 13V + 11Cr + 3A1, mais cet alliage nWest pas compatible avec les revatements
protecteurs courants. On recherche dgalement des mdlanges fondant part iellementA
basse tempdrature et reconstituant par diffusion des alliages fondant A plus haute
tempdrature, d'oA des tempdratures de service azndliordes ("diffusion sink-technique")
Par exemple:
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Basic alloys Melting Addition Reme1t

point (powder) temperature
Zr Ti V Cr Ni Si (OF)

43 25 32 2220 Mo
43 25 32 2220 Mo + C or B 3300°F

85 8 7 2250 Mo or
65m 25 10 2320 Mo more

33 34 33 2480 Ta

Brazing of graphite to molybdenum may be done with the help of alloys such as
48Ti-48Zr-4Be or 35Au-35Ni-3OTa.

Techniques for bonding by diffusion at high temperatures are also being

thoroughly examined. The following may be used as intermediate metals-

Ni,

Ti, except for bonding with nickel alloys,
Au-Pd, except for bonding with nickel alloys,
Ag-Pd.

9.3 Forming

The principal alloys are prepared eitherýby sintering or by double arc melting.

Alloy Forming process Product

MTC The alloy can be forged as Sheets of cast alloy down to
sintered. For cast alloy, pre- 0.02 in thick and 40 x 120 in.
liminary extrusion at 2400-2600OF Sheets of stntered alloy up to,,
is necessary. Hot rolling at 0.04 in thick and 6 x 32 in.

2200 0P. Cold work up to 90% at Bars.
temperatures falling to 15700 F. Tubes.
All shaping must be done hot or
warm. Explosive forming is

interesting for this alloy.

for references see page 166. (Continued)

I.
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AlIliage de base Temnperature Adto eprtr
- - - ~~de fusion Adto eprtr

Zr i V Cr Ni i (C)(poudre) de refusion

43 25 32 1215 Mo supdrieure
43 25 32 1.215 Mol-CouB on

85 8 7 1.230 Mo 4gale
65 2 101.270 Mo i I

331 34 33 1.360 Ta 1.815'C

Le brasage du molybdane an graphite peut 6tre effectud avec l1'aid&e d alliages tcils
que 4BTi-48Zr-4Be otu 35Au-35Ni-3Oa.

Les techniques de liaison par diffusion & chaud sont dgaleznent 1' objet d' examensI i approfondis. Cosine zndtaux intermddiaires, on peut utiliser:

Ni, afdaslcadelasnaecalaedence
Au-P, sauf dans le cas de liaisons avec alliages de nickel

I Ag-Pd.

9.3 Fabricabilitd - Production

Les principaux alliages sout prdpards, soit par frittage, soit par double fusion.

Alliage Fabricabilitg Production

MTC LV alliage frittd pent ftre forgd Tdles en could jusqu' & 0, 5 mmn
directement. Pour l'alliage could, d'dpaissenr et
un filage prdalable & 1.300-1.4000C 1.000 x 3.000
est ndcessaire. Laminage & chaud en frittd jnsqu'& 1 sin
i 1.200 0 C. Pinition i ti~de (cold- d'dpaissenr et

work) jusqu' A 90% 1 tenipdrature 150 x 800
d~croissante jusqu' A 8500C. Toute Barres
opdration de formage doit 6tre Tubes
pratiqude i tibde on A chaud.
La technique de forinage par
explosion est intdressante pour cet

voir re'ference (page 167) (Voir page suivante)
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Al'y Forming process Product

TI As above. After extrusion at Sheet down to 0.02 in thick.
2700-40000 F, the metal is forged Foil (0.006 in).
at 2900-3300°F and even at 3500-) Bars.

36000 F. (Solid solution). Tubes.
Hot rolling at 2800-25000 F.
Final rolling at 1800-20000 F.

All shaping, including shearing and
sawing, must be done hot or warm
(200-1000°F according to thickness.

TZC Extruding at 27b0-3000°F, followed Sheet down to 0.05 in thick.
by forging at 2900-3100 0F, followed (12 x 80 in).
by hot rolling at 2700-2500°F. Bars.
Final rolling at 2600-24000F. Very
difficult alloy to form.

0.05 Zr Sheet down to 0.05 in thick. Bars.

0.5 Zr Extruding at 2800-30000 F, followed Sheet aown to 0.04 in thick.
by forging at 3100-27000F, followed Bars.
by hot rolling at 2600-22000 F, and

final rolling at 2200-20000F.

1.5 Nb Extruding at 2800-30000F, followed Sheet down to 0.05 in thick.
by forging at 3100-27000F, followed Bars.
by hot rolling at 2600-2700°F, and
final rolling at 2000-1475 0 F.

W2• Extruding at 3200-40000 F. Hot Sheet down to 0.05 in thick
rolling at 3100-2700 0 F. Final (8 x 20 in).
rolling at 2400-20000 F. Bars.

30W Extruding at 2700-40000 F. Forging Bars.

at 2200-2700 0 F.

50W Extruding at 3100-40000F. Hot Bars.
rolling at 2800-24001F. Final
rolling at 2500-2300°F.

* Selected (Bureau of Naval Weapons) for the sheet Rolling Program of the US Department of

Defense. Sintered NTC alloy (Sylvania) was also considered as a possibility.

9.4 Machining

Same recommendations as for pure molybdenum metal. Non-fragile carbides to be

used for preference, with high cutting speeds. Surfaces must be scrupulously

debealed.
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A'liage Fabricabilitd Production

TZM Comme ci-dessus. Apr~s filage A T61es jusqu'A 0,5 mm d'dpaisseur.
1.500-2.2000 C, le mdtal est forgd Feuilles minces (0,15 mm).
1 1.600-1.8000 ou m~me 1.900- Barres
1.9500C (mise en solution). Tubes
Laminage A chaud i 1.550-1.3500 C.
Laminage final A 1.000-1.100 0 C.
Toute opdration de formage doit Otre
accomplie A tilde ou A chaud (100 A
5500C suivant 1'dpaisseur), mema
le cisaillage ou le sciage.

TZC Filage A 1.500-1.6500 C, suivi de T61es jusqu'i 1,2 mm d'dpaisseur.
forgeage A 1.600-1.7000 C, suivi de (300 x 2.000).
laminage A chaud A 1.500-1.3500 C. Barres
Laminage final A 1. 450-1. 3000C.
Alliage tr4s difficilement formable.

0,05 Zr Tdles jusqu'A 1,2 mm d' p. Barres.

0,5 Zr Filage A 1.5.•0-1.650 0 C, suivi de T61-1: jusqu'A 1 mm d' paisdeur.
forgeage A 1.700-1.5000 C, suivi de b-,'res
laminage A chaud A 1.430-1.2000 C.
Laminage final A 1.200-1. 1000 C.

I,h Nb Filage A 1.550-1.6500 C, suivi de Tdles jusqu'A 1,2 mm d'dpaisseur.
forgeage A 1.700-1.5000 C. suivi de Barres
laminage A chaud A 1.400-1.3000 C.
Laminage final A 1.100-8000 C.

w2• Filage A 1.760-2.200°C. Laminage T6les jusqu'1 1,2 mm d'4p.
A chaud A 1.700-1.5000 C. Laminage (200 x 500)

final A 1.300-1.100°C. Barres

30W Filage A 1.500-1.900-2.2000 C. Barres
Forgeage A 1.200-1.3000 C.

50W Filage A 1.700-2.2000C. Laminage Barres
A chaud A 1.550-1.3000 C. Laminage

final A 1.400-1.2500 C.

Silectionn4 (Bureau of Naval Weapons) pour le Sheet Rolling Program du Department of Defense.
L' alliage MTC fritt4 (Sylvania) a ete considerd egalement comme candidat.

9.4 Usinage

Mnmes recommandations que pour le moiybd~ne non alli4. Utiliser de prdfdrence des
carbures non fragiles, avec grande vitesse de coupe. Les surfaces doivent 6tre
soigneusement ddcalamind

i-" ~ .I,~ r ~ r.~u . A~-

"- .
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IMI
CHAPTER IV - TUNGSTEN AND TUNGSTEN ALLOYS

1. PHYSICAL PROPERTIES OF TUNGSTEN METAL

1.1 Atomic Number: 74 Atomic weight : 183.92 Group VI A.

1.2 Crystal Structure

Body-centred cubic (no transformation point) lattice constant 3. ,98 at R.T.;
atomic diameter : 2.82 A.

1.3 Density

0.697 lb/in3 ..

1.4 Melting Point

61700F.

1.5 Vapour Pressure

Temperature (7F) 4000 4600 5800 6420 7140 18040 9180 10710

mmHg 4 x 10- 8  4 x 10. 6 1 x 10- 2 1 x10 1  1 10 100 760

i.6 Specific Heat

Temperature (OF) 70 1800 3600

Specific heat (Btu/lb OF) 0.032 0.039 0.047

1.7 Thermal Conductivity'

Temperature ("F) 70 2400 3600 f
(Btu ft/h ft 2 OF) 75 65 58

-. 4
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CHAPITRE IV - TUNGSTENE ET ALLIAGES DE TUNGSTENE

1. PROPRIETES PHIYSIQUES DU TUNGSTENE NON ALLIE

i 1.1 NumSro Atomique: 74 Masse atomique : 183.92 Group VI A,

1.2 Structure Cristalline

Cubique centrd (pas de point de transformation) rdseau 3,158 1 200 - diam~tre
atomique : 2.82 R.

1.3 Deelsitd

19,3 g/cm3.

1.4 Tempdrature de Fusion

3.4100 C..

1.5 Tensior de Vapeur

Tejmpgrature (°C) 2.200 2.500 3.200 3.550 3.950 4.450P5.080 5.930I

mmHg 4x10 4 x 10-6 1 x 10-2 1 x 10- 1  1 10 100 60

S1.6 Chaleur Sp0ciffique

Tempirature (°C) 20 (1.000 2.000

CMaleur 8p4cifiquR (cal/g OC) 0 0032 0, 039 0, 047

1.7 Conductibilitg Thermique

Temperature (°C) 20 1.330 2.000

Conductibilitt thermique (cal/cm s °C) 0,31 0,27 O,.24

I

___________________________
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1.8 Thermal Expansion

Temperature (OF) 70 1800 3600

microinch/in OF 2.47 2.88 4.04

1.9 Electrical Resistivity

Temperature (OF) 70 1800 3300 4900 5800

microhm-cm 5 .6 5 (a) 30.3 59.0 90.4 108.5

(a) average value - on as-drawn wire : p = 6.2 microhm-cm at room temperature.,
on wire annealed at 25000F : p = 4.8 microhm-cm at room temperature.

1.10 Absorption Cross-Section (Thermal neutrons)

19-22 barns/atom.

1.11 Spectral Emissivity

Total emissivity in relation to black body:

Temperature (OF) 1350 2260 3140 4960 5860

Emissivity 0.015 0.192 0.259 0.334 0.350

2. MECHANICAL PROPERTIES OF TUNGSTEN METAL

2.1 Typical Analyses

The Impurity contents (ppm) of commercial tungsten products are:

Powder Arc Electron

metallurgy melted melted

Oxygen 5-50 5-20 5-20
Nitrogen 5-50 Z-10 1-10
ilydrogen 0-2 0-2 0-2
Carbon 5-200 5-30 5-20

(Cont inued)
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1.8 Coefficient de Dilatation Lindaire

Tempgrature (QC) 20 1.000 2.'000

a x 106 moyen de 200 A la

tempgrature considirde/°C 4,44 5,19 7,26

1.9 Pgsistivitt Electrique

TempJrature (OC) 20 1.000 1.800 2.700 3.200 f
Rdsistivitd

(micruhms-cm) 5 , 6 5 (a) 30,3 59,0 90,4 108,5

(a) Valem mcyenne - Sur ftl brut d' letirage : p 200 = 6,2 microhms-cm.
Sur fil recuit a 1.3700 p 200 = 4.8 microhms-cm.

1.10 Section de Capture (Neutrons Thermiques)

19-22 barns/atome.

1.11 Coefficient d' Emissivitd

Emissivitd totale par rapport au corps noir:

Tempdrature (°C) 730 1.230 1.730 2.730 3.230

Emissivitd 0, 105 0, 192 0, 259 U,334 0,350

2. CARACTERISTIQUES MECANIQUES DU TUNGSTENE

2. 1 Analyses Courantes

Les teneurs en impuretds des demi-produits commerciaux en tungst~ne sont (en ppm):

Fusion par
Mitallurgie Fusion b

bombardementdes poudres lVarc lectronique

Oxyg~ne 5-50 5-20 5-20
Azote 5-50 1-10 1-10
Hydrog~ne 0-2 0-2 0-2
Carbone 5-200 5-30 5-20

(Voir page suivante)

SI _ _. _ _
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Powder Arc blectro

metallurgy melted bemele

Iron 10-100 10-50 10-20

Nickel 5-50 1-5 1-5
Molybdenum 20-100 10-50 -

Silicon 5-50 5-30 2-10
Aluminium 5-40 1-10 1-10
Chromium 5-40 - -

Dopes are quite frequently added during the preparation of the powder, mainly

to improve certain physical properties (e.g., for wire).

They consist principally of alkaline silicates (the greater part of which evaporates

S172

during sintering) or compounds of aluminium (oxide), or Na 20, K20 or SiO 2

2.2 Tensile Properties at High Temperatures
(Mean values)

The characteristics vary considerably with forming conditions and the degree of
working.

70OF 2000OF 2200OF 2400OF 3000OF 4000OF

(a)a

Stateaa)u-gy me e e
YS UTIS El. YS MITSEl. UIfS LT7S YS MTI El. Y'S UTSEl.

(kpsi) (%.) (kpsi) (76) (kpsi) (kpsi) (kpsi) ()(kpsi)(%

P-F-D 160 50 40
T-F cold-worked 280 93 78

T-F-D or T-C-D 200 203 0-3 57 72 6 14 21 30 7 11 16
T-um-R 80 5 0 14 35 50 18 50
B-F-D 85- 0-1 58 14 25I 200
B-F-R 13 34 50

DoAnnealed wire 85- 0
j 145

Drawn 40 280 3
wire, s r8 350 2
dia. 14 430 2 100 70 40

(ml) 0.4 6001 1

(a) P plate C = arc melted D =tress-relieved

T sheet (less than 0.2 In thick) F = powder R recrystallized
B =kforged or swaged bar metallurg

70°F %00F 20° •0° 00F 40
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M~tallurgie Fusia;t Fusion par
des pudres Pare bambardement
des oudrs L'x~, lectronique

Per 10-100 10-50 10-20
Nickel 5-50 1-5 1-5
Molybdbne 20-100 10-50
Siliciun 5-50 5-30 2-10
Aluminium 5-40 1-10 1-10
Chrome 5-40 -

Des dops sont assez souvent ajoutds a'z cours de la prdparation de la poudre,
principalenient dans le but d'am~liorer certaines propridtds physiques (cas des fils).

Ils consistent principalement en silicates alcalins (dont la plus grande partie
s'dvapore au. cours du frittage) ou en compos4s d'aluminium (oxyde), ou Na2O0, K20, Si0 2-

2.2 Caractdristiques Mdcaniques en Traction A Haute Tenipgrature
(Valeurs nioyennes)

Les ca~ractdristiques varient considdrablement avec les conditions de transformation

et las degrds da corroyage et d'dcrouissage:

200C 1.0900C 1.2000C 1.3200C 1I.6500C 2.2000C

Ett~) LE IBRA LE R~A R LE /R)IA LE RBA
(kgm)(% (kgM m2) % (k g/MM2) (ýkg/mm) (kg/mm2) (%.) (k g! 2)(%

P-F-D 112 35 28
T-F dfcroui 200 65 55
T-F-D ou T-C-D 140 142 0-3 40 50 6 10 15 30 5 8 16
T-F-R 56 60 0 10 25 50 13 50
B-F-D 60- 0-1 41 14 

18,140
B-P-R 9 24 50

Fil racuit 60- 0
100

Fil 1 200 3
4tir4 0,2 250 2

10,1 300 2 70 50 28
0 (mmM) [0,01 420 1

(a) P = t6les eDaisses C =coule' a ' Iarc D = recuit de de'tente
T = t8les (4'p. 1< 5-m) F = ne'tallurgie des R = recristalliad
B = barres forg~es poudres
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2.3 Ductile-to-Brittle Transition

The ductile-to-brittle transition temperature is distinctly higher than normal
room temperature,

Figure 1 shows the general position of tungsten as compared with the other
refractory metals.

The transition temperature is greatly dependent on:

the content of impurities, especially interstitials;

the fabrication process and all factors (working temperature, degree of
reduction) coming into play in the course of fabrication;

the final state (stress-relieved, recrystallized), structure, grain size,
surface condition;

the kind of stress applied (tensile, bending, impact), speed of testing, type
of test (notched or unnotched).

Ductile-to-brittle transition temperature (7F)
(mean values)

State(a)
Tensile, unnotched Tensile, notched
(reduction of area) (reduction of area) ending

B-F-D +400 +930
B-F-R +750 +1470
T-C-D +570
T-F-D +400 +360 to +7 5 0 (b)
T-F-R +570 to +930

(a) T = sheet (less than 0.2 in thick) C = arc melted D = stress-relieved
B = forged or swaged bar F = powder R = recrystallized

(b) varies according to producer. metallurg

For sintered metal, the less the thickness, the greater the degree of reduction
and the lower the annealing temperature, the lower the transition temperature
becomes:

recrystallized ........ + 750°F

thin sheet

transition temperature in bend test high amount of working + 250OF
percentage to

low stress-relief + 1 00F
temperature
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2.3 Transition Ductile-Fragile

La tempdrature de transition ductile-fragile se situe nettement au-dessus de la
temp4rature ambiante.

La Figure I donne la position g4ndrale du tungstAne par rapport aux adtres mdtauy

La tempdrature de transition ddpend fortement:

de li teneur en impuretds, particuli~rement interstitielles;

du mode de transformation et de tous les facteurs (tempdratures de travail-
degr4 de reduction) ayant jou4 au cours de cette transformation;

de l'dtat final (restaurd - recristallisd), de la structure, de la grosseur du
grain, de l'dtat de surface;

du mode desollicitation (traction, pliage, impact), de la vitesse d'essai, du
type d'essai (entaill4 ou non).

Tempe'rature de transitioh ductile-fragile ('C)
(valeurs moyennes)

Etat(a)
Traction lisse Traction entaillge Pig
(strict ion) (striction) Pig

BFD+200 +500
B-F-R +400 +800
T-C-D +300
T-F'-D +200 +180 A & 0(l
T-F-R +300 h +500

(a) T = t~les (4p. 5 mm) C =coulg i P'arc D =recuit de ddtente
R = barres forgdes F = metallurgie R = recristallisd

des poudres
(b) Vanie avec Ie produ~teur.

Pour le frittd, la temp4rature de transition est d'autant plus basse que:
1' 4paisseur diminue, le degr4 de reduction augmente, la temperature de restauration
est plus basse:

rrecristallisd....+ 4000C
jfaible 4paisseur

tempdrature de transition en pliage fort corroyage, + 1200C A1faible tempdrature r+ 400C
de restauration J
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The influence of the amount of working (on recrystallized metal) in bending
test on sheet annealed for 1 hour at 1800OF:

Percentage of reduction 40 60 80 96

Transition temperature (OF) +580 +500 +400 +250

The influence of the temperature of the final stress-relief treatment in bend
test on sheet is as follows::

Stress-relief temperature (OF)r l t u1700 1800 1880 2000 2100 2200 2400 2600
(1h)

Transition sintered +210 +230 +680 +850
temperature arc melted +340 +250 +320 +380 +400 +430
(OF) larc melted(a) +400 to

+570

(a) hot rolled under inert atmosphere in IN FAB plant,

Surface condition also has a noteworthy effect (variation ± 180 0 F),

On sintered metal wire, of 0.03 in diameter, with high cold-work percentage,
the influence of stress-relief treatment is as follows:

I Stress-relief temperature (7F) nil 1475 1925 2200 2560
(10 min)

Transition temperature (OF) -5 +15 +60 +90 #120

2.4 Hardness

Tungsten is one of the hardest metals.

The greater the cold-working percentage, the thinner the piece, an' the lower
the stress-relief temperature, the harder is the metal. On sintered metal sheet,
the Vickers number varies, on an average, from 350 (recrystallized metal) to 500
(thin meta, with high cold-work percentage, not stress-relieved).

At high temperatures, the Vickers number varies as follows (recrystallized metal):

Temperature (7F) 70 1800 2900 3300

Vickers number 350 80 50 40

r
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L' influence du degrd de corroyage (corroyage stir mdtal recristallis4) est la

suivante, en pliage stir t~le & 1' 4tat restaur4 1h & 980OC:

D' Dde reduction(% 40 j 60 80 96

To de transition (0C) +310 +260 +200 4-120

L'influence de la temp~rature du traitement final de restauration eat la suivante,
sur t6le, en essal de pliage- --

(1dhrs )uato (C 930 980 1.030 1.090 1.150 1.200 1.320 1.430

To de frittd +100 +110 +360 +450
transition fondu arc +170 +120 +160 +190 +205 +220
(0C) ljondu arc(a) +200

(a) Lamine' 'a haute temperature sous atntosphe're neutre dans I'atelier IN FAB.

V'dtat de surface a 4galement tine influence notable (variation de + ou - 1000 C).

Suir fils en metal frittd, de 0, 8 mm de diam~tre, fortement corroyd, 1'influence

du traitement de restauration est la suivante:

(10d metuaion) (C n~ant 800 1.050 1.200 1.400

To de transition ("C) -20 -10 +15 +30 +50

2.4 Durete~

Le tungst~ne est tin des nO~tauy ayant lea duretds les plus 4levdes.

Cette duretd eat d'autant plus dlevde que l'4paissetir diminue, le degrd
d'dcrouissage augmente, oti que la tempdrature de restauration eat plus basse. Stir
t~le de mdtal frittd, la dtiretd vanie en moyenne de 350 Vickers (mdtal recristallisd)
& 500 Vickers (mdtal fortement dcrotii et de faible dpaissetir, non restaurd).

La duretd Vickers & chaud varie comme suit (mdtal recristallisd).-

Tempe~rature ("C) 20 1.000 1.600 1.800

Dtiretd Vickers 350 80 50 40
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2.5 Young' s Modulus

On sintered and stress-relieved metal sheet (mean values):

Temperature (°F) 70 2000 2400 3200 4000 4800

E (106 psi) 50 33 27 25 20 11

2.6 Fatigue Strength

In alternative bending test on sintered metal sheet (thickness: 0.02 in) the
fatigue limit at 70°F, 108 cycles, is 100,000 psi.

2.7 Creep Properties

2. 7.1 Stress Rupture Data

Stress (kpsi)

Stt~) 2000 OF 2200OF 2700OF 3000 0  4400O'F j4700OF
lhjI0hjlO0h 1h 10h 1h* I0J0h 1O h 10h I~ 100h lhlh 1h

B-F-D 30 21 21 15 11 9 10 7 4
B-F-R 30 25 17 23 20
T-F-D 119 2 1
Cold-worked wire 117

(a) B = forged bars F = powder metallurgy D = stress-relieved

R = recrystallized

2.7.2 Creep Stress

The results published so far are too few to be regarded as valid.

2.8 Effect of Impurities

Hydrogen has no appreciable effect.

Carbon up to 0.3% doe3 not appear to affect formability or to influence
recrystallization temperature. Heat treatment effects seem to be obtainable with
this element (see Section 3.1.1.1).

On the other hand, it is essential to keep oxygen and nitrogen impulrities down
as low as possible. On sintered metal, the following values have been obtained:

02 (ppm) 4 10 30 50

Temperature (OF) at which
ductile fracture appears 450 650 850 1025



wags

179

¶ 2.5 Nodule d'Elasticitg Statique en Traction

Sur t~les en m~t&k1 frittd restaurd (valeurs moyennes):

Tempirature (0C) 20 1.090 1.320 1.750 2.200 2.650

E (kg/mm2) 35.000 23.000 19.000 18.000 14.000 8.000

2.6 Rgsistance i la Fatigue

En flexion alternde sur t6le (dpaisseur -0, 5 mm) de m~ta1 frittd, la linite do
fatigue il 200C 1. 108 alternancas est 70 kg/rn 2.

2.7 Risistance an Fluage

2. 7. 1 Rupture Diff~re'e

Cant raintes (kg/nm 2)
Etat(a) 1.0900C 1.2000C1 1.4800C 1.650 0C I2.4000C 2.6000C

Ih -10h 100h 1k 10h l1hI 10k 100k Ihj 10hI 100h Ih 1k 1

B-F-D 21 15 15 11 8 6 7 5 3
B-F-B 21 16 12 16 14

T-F-D 8 61.4 0,7
F11 dceroui 12

(a) B = barren forgees P = metallurgie des poudres D =recuit de de'tente
R = recristallis4

2.7.2 Fluage

Le nombre de rdsultats publids jusqu' ici est trop faible pour qu' on puisse les

considdrer canine valables.

2.8 Inf luence des Impuretes

V hydrogbne n'a pas d'effet sensible.

Le carbone, jusqu' & 0, 3%, ne semble pas affector la fabricabilitd et influer sur la
tempgrature die recristallisation. Des effets de traitenent thermique senbient pouvoir

6tre obtenus avec cet 4l1inent (voir Section 3.1.1.1).

II est, par contre, essentiel de tenir les inpuretds oxyg~ne, et azote au plus bas
niveau. Sur mdtal frittd, on a les valeurs suivantes:

J02 (ppm) 4 10 30 50

j ~Tenpdrature d' apparition de
la rupture ductile (0C) +230 +345 +450 p550



Relatively high oxygen contents roduce strength and ductility (segregation at the
grain boundaries).

Additions of rare earths or of yttrium, which might have the effect of capturing
interstitials, as they do with molybdenmi, have no marked effect, probably owing to
vaporization at the time of melting.

Metal refined by zone melting has given transition temperatures of + 140°F in the
polycrystalline state and - 200°F on single crystals.

2.9 Cold-Working - Stress-Relief - Recrystallization

2.9.1 Cold-Working

Tungsten cannot be ccld-worked at room temperature except for very fine wire
which has previously been heavily hot-worked.

2.9.2 Stress-Relief

>, Stress-relief treatment produces a relaxation of the hot-worked metal but,
\beyond a certain limit of temperature or time, the ductile-to-brittle transition

temperature is raised (see Section 2.3).

The usual stress-relief treatments are:

for sheet .... 5 min at 2000°F or lh at 1700°F

for bars ..... lh at 1800-2200 0 F.I!
2.9.3 Recrystallization

The usual recrystallization temperature for bars (sintered metal) is lh/2900-35000 F.
Arc-melted metal generally recrystallizes at lower temperatures. The greater the
total amount of hot-working, the lower the recrystallization temperature. For
instance, on arc-melted metal sheet:

Percentage of reduction 40 60 80 90-99

Recrystallization temperature (lh) (OF) 2640 2600 2440 2400

The use of dope increases the recrystallization temperature and may bring it up
to more than 37000 F.

Recrystallization produces almost general brittleness. Yet high-temperature
annealing (3700-4800 0 F) under high vacuum conditions gives a transition temperature
of + 210OF in bend test.
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En opitre, des teneurs en oxygbne croissantes r~duisent & la fois la charge do
rupture et Ia ductilitd (sdgrdgation aux Joints des grains).

Des additions do terres rares ou d'yttriun gui pourraient avoir un effet do captage
des interstitiels, comme dans le cas du molybddne, nWont pas d' effet marqud,
probablement par suite de volatilisation au moment de la fusion.

Sur ndtal raffind par fusion do zone, .pn a obtenu des tempdratures do transition

do: + 600C en pliage, & l'dtat polycristallin, et do - 1300C sur monocristaux.

2.9 Ecrouissage - Restnuration - Recristallisation

c2a9.1 prvou u aocisoot umealsroi ha

Le tungstc~ne no pout Otre dcroul. i froid, sauf le cas do f ii tr~s fin, tr~s

transition ductile-fragile est augnentde (voir Section 2.3).

Los traitemcants habituols do restauration sont:

sur W~es .... 5 min A 1.i000c ou 1h 'a 9300C

stir barres ... lb & 980-1. 2000C

2.9.3 Recristallisation

.'La tempdraturo habituelle do recristallisation sur barro (mdtal frittd) oat
lh/1.600-1.900 0 C. Le indtal fondu A l'arc recristalliso en g~ndral A plus basso
tempdraturo. La tempdrature do rocristallisation ost d' autant plus basso quo le
dogrd total do travail A chaud a dtd plus dlevi. Par exemple, sur tdle do mdtal
fondu A 1'arc:

D*~~~~~ ~. 2erdcinM4 08 0-99

Tepdaur e eritllstin(015(1h) 140 .430t1tal0 1.3920

La presence do dop auginonte la tempdrature do recristallisation et pout La porter

A haute tempdrature (2.000-2. 6000C) sous ultra-vide donnont une tempdrature do
transition do + 1000C en pliage.
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3. CORROSION BY GASES, CHEMICALS AND LIQUID METALS

3.1 Resistance to Oxidation

Tungsten rapidly begins to oxidise at temperatures over llO00F, and at a slightly

faster rate than niobium and tantalum up to 2200°F (see Fig.2). Bht the oxide

W03 vaporizes from 850OF upwards and melts at 26750 F. Yet, because oxygen has very
little solubility in the metal, there is no contamination and no subsequent
brittleness. The oxidation reactions appear to operate in a very complicated

manner. Above 2200-24000 F, the oxide evaporates faster than it forms. The loss of
metal is more serious than with molybdenum although there is no obvious oxide.
Towards the upper temperature ranges, very complex phenomena occur and these tend
to sinter the layer of oxide and limit contact between the oxygen and the surface
of the metal. The effect of the pressure of the gas is clearly considerable. It
seems that in air at a pressure of less than 1 mmHg tungsten can be heated to any
temperature for from 1 to 2 hours without damage.

3.2 Resistance to Chemicals

H2  compatible at all temperatures.

N2 no reaction up to at least 22000 F.

CO2  compatible up to about 9250 F.

NH3  no apparent reaction but brittleness occurs above 18000 F.

Water vapour same unsatisfactory behaviour as in air.

Water good compatibility

HF slight reaction at less than 2100F.

12 no reaction up to 14750F.

HNO 3 slight reaction at room temperature.

H2SO 1 :f slight reaction with hot dilute or cold concentrated acid.

3.3 Resistance to Liquid Metals

Na good resistance up to at least 1650°F; but, as with othor refractory
metals, the presence of oxygen in the metal or in the tungsten is

K harmful.

Bi f no apparent reaction at 18000 F.

Cs very good resistance up to 1800°F.

Li good at 15000 F; limited resistance at 1800OF (progressively dissolves).
Mass transfer with iron.

Pb no appreciable reaction up to boiling point (316 0 0F),

Sn extremely little corrosion at 18000 F. But considerable mass transfers with
Fe or Ni occur from 14750F upwards.

Hg no reaction, even in the vapour state.
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3. CORROSION PAR LES GAZ ET DIVERS MATERIAUX

3.1 RUsistance i 1'Oxydatlon

Le tungatAne commence d a' oxyder rapidement au-dessus de 6000C, avec tine vitease
ldg~rement supdrieure A celle du niobium et du tantale Juaqu'A 1.20000 (voir Fig.?).

L'oydede 03se volatilise cependant d~s 4500C. Il fond i 1.4700C. Du fait de la
tras faible solubilitd de l1'oxyg~ne dans le mdtal, ii n' y a cependant pas de
contamination et de fragilisation subadguente. Les m~canismes des rdfactions, d' oxydation
apparaissent comme tr~s compliquds. Au-dessus de 1.200-1.3000C, 1' oxyde s' dvapore
piui3 vite qu' ii ne se forme. La perte de mdtal devient plus forte que dans le can, du
molybd~ne, bien qu' ii n' y ait pas d' oxyde apparent. Vers les hautes tempdratures, des
phdnom~nes complexes se produisent, tendant A fritter la couche d'oxyde et A limiterI
1' acc~s de 1' oxyg~ne vera la surface du mdtal. L' influence de la pression du gaz
apparaft comme tr~s importante. Il semble que dan.3 de l1'air A tine pression
infdrieure A I mr, de Hg, le '.ungst~ne puisse Otre chaaffd sans dommage & toute
tempdrature pendant 1 A 2h.

3.2 Rdsistance & Diffdremts Agents Chimiques

H2 .compatible A toutes tempdraturea.

1 2*4 aucune rdaction jusqu' A Eu moins 1.2000C.

co2 comipatible Jusqu'A 5000C environ.

NH3  aucune attaque apparente, mais fragilisation au-dessus de 1.0000C.

Vapeur d' eau, meme mauvais comportement que dana l1'air.

Eau : bonne compatibilitd.

Hp ldg~re attaque A moina de 1000C.

I :aucune attaque Jusqu'& 8o00C.

ONO : 1dgare attaque A froid.

H2 S04  : 1gare attaque avec acide dilud chaud ou concentrd froid.

3.3 Rdsistamce aux M6taux Fondus

Na bonne rdsiatance juaqu' A au momns 9000C. Cependant, comme pour lea autres
mdtaux rdfractaires, la presence d' oxyg~ne dana le mdtal liquide, oti dana le

KJ tungat~ne eat tr~s ndfaste.

Bi aucune attaque, apparente A 1.0009C.

Cs tras bonne resistance Juaqu'A 1. 0000C.

Li bonne A 8200C; rdsistance, limitde A 1.0000C (diaaolution progressive).
Transfert de masse avec le fer.

Pb aucune attaque apprdciable .Iusqu'A 1'4bullition (1.7400C).

sn :corrosion extrfbxement faible A 1.0000C. Il y a cependant des transferta de
masse notables avec Fe ou NJ. ddn 80000.

Hg :aucune attaque, mgme A 1' dtat vapeur.
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3.4 Compatibility with Refractory Materials

On contact with graphite or carbides, tungsten absorbs C and various eutectics

are formed which melt at 4600-50000 P.

Tungsten reacts with most refractory oxides above 1500-20000 C - zirconia is one

of the most resistant.

4. FABRICATION

4. 1 Welding

Joints welded by TIG melting are very brittle and have a transition temperature
of 1100°F or more. Tendency to cracking may cause trouble.

Electron beam welding produces little improvement (900 bend transition

temperature: base metal: + 600°F; electron beam welded + 10750 F). Welded areas can
nevertheless stand a certain amount of deformation, provided it is done red hot.
Unsuccessful attempts have been made to reduce the brittleness of the welds by using
the alloy MTC or Mo-Re alloys as filler metal.

On sintered metal, the welds are generally porous.

Spot welding may provide a solution in certain cases.

Ultrasonic welding has given irregular results (cracks) and necessitates very
high power working. Yet this process is still being given very attentive
consideration.

•4. 2 Forming

On sintered metal, the first deformation may be obtained by forging at

2700-3300°F or rolling at 2400-270 0 °F. Cast metal must first be extruded at
3000-3800°F before undergoing subsequent treatment by forging, swaging or rolling
at decreasing temperatures (from 2400-18000) as the degree of working increases.
Foil may be cold-rolled to a limited extent on a Sendzimir rolling mill.

The Sheet Rolling Program of the Department of Defense includes the production
of sheet measuring 18 x 48 x 0.06 in and, later, 36 x 96 x 0.6 ins from sintered

plate (direct rolling), cast ingots (extrusion + forging + rolling) or from thick
plates (flow-turning).

Mention should be made of the claims for the direct production of shapes by
plasma-arc projection of powder, with or without subsequent sintering (at 2700-
3600OF - with or without infiltration of nickel) and forging.

The usual dimensions for sheet are 20 x 60 in. Sheet 40 in wide and down to
0.05 in thick (with a ductile-to-brittle transition temperature of + 490 0F) was
produced for the first time in Europe.
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3.4 Coupatibilitdi avec les Nateriaux Ru~fractaires

Au contact avec le graphite ou les carbures, C est absorb4 par le tungstane, et ii

se formie des eutectiques divers fondant & 2. 500-2. 750'C.

Le tungsthne r~agit avec pratiquement tous les oxydes rdfractaires au-dessus de
1.500-2. 000'C. La zircone- est 1'utn des oxydes les plus rdsistants.

4. uISE EN OEUVRE

4.1 Bondage f
Les joints souectq par fusion TIG sont tr~s fragiles et ont tine temp4rature de

transition de 6000 C oti plus. La criquabilitd nWest pas un ddfaut majeur.

Le soudage par bombardenent dlectronique apporte peu d' amdlioration (teinpdratureI de transition en pliage & 900: non soud4 = + 320 0C - soudd par bombardenent
diectronique = + 5800C). Les zones souddes peuvent cependant subir un certain degrd
de ddformation, & condition d' op~rer au rouge. On a essay4 sans succas de rdduire
la fragilitd des soudures en utilisant l'alliage.MTC ou des alliages Mo-Re connie

Sur m4tal frittd, les soudures sont en gduidral porouses.

Le soudage par point peut procurer une solution dans certains cas.

Lc soudage par ultra-sons a donnd des rdsultats irr~guliers (criques) et
ndcessite de tr~s fortes puissances. Ce proc&4d continue cependant A Otre considdrd

avec la plus grande attention.

4.2 Transformation - Hise en Forme

Suir mdtal frittd, la d~formation initiale peut ftre pratiqu~e par forgeage 1 1. 500-
1.8000C ou laminage & l.300-1.5000C. Le m4tal coul4 doit tout d'abord Otre fil4 b.
1.650-2. 1000C avant de subir la transformation ultdrieure qui s' op~re par forgeage,
swaging ou laminage & tenpdratures d~croissantes (de 1.300 1 1. 00000) au fur et A
nesure de 1'augnentation du degrd de corroyage. Les t~les tr~s minces peuvent subir
un degrd limitd de laminage & froid sur laminoir Sendzimir.

Le SI~eet Rolling Program du Departnent of Defense porte stir la rdalisation de
t~les de 450 x 1.200 x 1, 5 mm, puis 900 x 2.400 x 1, 5 mm, en partant soit de plaques
frittdes (laninage direct), soit de lingots coulds (filage + forgeage + laininage),
soit de plateaux divers (fluototimnage).

A signaler la rdalisation directe de plbces de forme par projection de poudre
au plasma-arc. suivie oti non de frittage (A 1. 500-2. 0000 C - avec oti non infiltration
de nickel) et forgeage.

Les dimensions courantes de t~les sont 500 x 1.500 mmn. Des t6les de 1.000 m- de
large, Jusqu' & 1, 25 -m d' paisseur (syant tine tempdrature de transition ductile-
fragile de + 2500C) ont d~t rdalisdes pour la premi~re foi,' en Europe.



186

Forming and cutting operations must necessarily be done at high temperatures
(generally red hot: 1450-1800°F) except for very thin sheet or wire, which may be
submitted to a certain amount of bending at room temperature. Flow turning is an
interesting method of deformation (at 575-1450°P). It has also been recognised
that the deformation of tungsten is possible under very high hydrostatic pressure.

4.3 Machining

Machining is very difficult. The life of tools (special carbides) is extremely
limited when used on sintered metul at maximum density or on hot-worked metal.
Tool performances are improved by working hot (750-12000 F), The machinability of
sintered metal is improved if the metal is not completely densified. For certain
applications (rocket nozzles) a density of 90% may be taken as a good compromise
between mechanical strength and machinability.

Electrolytic, chemical or "spark" methods of machining may be useful in certain
cases.

5. TUNGSTEN ALLOYS

5.1 General

The development of tungsten alloys is still very limited. This is chiefly due
to difficulties in the preparation and fabrication of such alloys. The fields most
actively studied are:

improvement of mechanical properties at high temperatures;

improvement of ductility at low temperatures (lowering of transition

temperature);

improvement of machinability (heaiy alloys);

improvement of certain properties: e.g. alloys for welding electrodes or
electrical contacts (heavy duty alloys) or for nozzles (infiltrated alloys).

For the last two, the alloys are used as sintered.

In the case of wrought alloys, only W-ThO 2 alloys (0.5 - 2%) are markoted.

5.2 Improvement of Mechanical Properties of Wrought Alloys
at High Temperatures

Apart from the advantage to be gained from strengthening by hot working moderated
by stress-relie', the two traditional means of strengthening (solid solution and
dispersion) have been explored:

5.2.1 Solid Solution Strengthening

Owing to the complete solid solution of tungsten with the other three refractory
metals, Mo, Ta and Nb, and with V, simple or complex combinations with these four
metals have been extensively studied.
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Les opdrations de miso en formeo u do d4coupage doivent 9tre obligatoiroment
effoctudes & haute tempdrature (en principe au rouge: 800-1.0000C), sau? lo cas de
t~les ou fils tr~s minces qui peuvont subir un pliage limit4 i 200C. Le fluotournage
eat une opdration de ddformation intdrossante (i 300,8000C). Il a dtd 4galement reconnu.
quo le ddformation dui tungst~ne i 200C Jtiait pos~ible sous pression hydrostatique 4levde.

4.3 Usinago

L'usinago ost trbs difficile. La vie des outi~ls (carbures spdciaux) ost extr~mement
limitdo sur mdtal. frittd & la densitd maximum ou sur m4tal transformd. Los performances
des outils sont andliordes en travaillant i chaud (400-600 0C). L'usinabilitd sur indtal
frittd ost ame'liorge si le mdtal nWost pas complhtement densifid. Pour certainos
applications (col. do tuy~re), une donsitd do 90% peut 6tre un bon compromis ontro
rdsistance mdcaniQuo et usinabilit4.I ~ Los mdthodea d' usinago diectrolytique, chumique ou par dtincelage, peuvent Otre
utilos dans cortains cas.

5. ALLIAGES DE TUNGSTENE

5.1 Gdngralitds

Le ddveloppoment des alliages de tOungst~no ost actuolloment encore tr~s limitd.
Coci est dd principalement aux difficultds do prdparation ot do transformation do cesI
alliages. Les domaines bi-s plus activement dtudids sont:

sadlioration des caractdristiques mdcaniquos i haute tompdrature;

audl1ioration do la ductilitd i basso tempdraturo (abaissemont do la tempdrature

andlioration do l'usunabilitd (heavy allogs);

andlioration do cortlainos propridtds: alliages poiqr dioctrodes do soudage ou
contacts die.triquos (heavy duty alloys) ou pour tuy~res (alliages infiltrds).

Il s'agit pour los dciii derniors cas d'alliages utiliads & l'dtat simploment frittd.

Dana 1e cas do alliages transformds, souls los alliagos W-Th02 (0,5 - 2%) sont

commercialiads.

5.2 Audlioratiom des Caractgristiquos i Teminprature Elevde

Inddpendamment do 1' intdr6t do bindficier du durcissoment par dcrouissage (i chaud)
moddrd par traitomont do ddtente, los deux voios classiques do durcissoment sont
explordos:

5.2.1 Durcissemnent par Solution Solide

Dui fait do la solution solide compl~te avoc los trois autres mdtaux rdfractairos,
Mo, Ta, Nb, et avec V, los combimaisons simples ou complexes avec ces quatre mdtaux ont
dt4 largomont 4tudio'os.
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Mo : has a strengthening effect at contents between 3 and 10%. Above that
percentage, the effect is less marked, mainly at high temperatures, say,
over 35000F. An alloy of W-Mo 12% hLss approximately the same properties
as tungsten metal, at 4000°F.

Ta : has the most marked effect on high temperature properties mainly within
the range 3-10% but it raises the ductile-to-brittle transition temperature
still further and increases the difficulty of forming.

Nb has a distinct effect up to 31000F, but little beyond that figure, except
perhaps at low contents, when it acts by dispersion.

Combinations of these elements, coming in addition to strengthening by hot working,
give the following figures for cast alloys all worked under the same conditions:

Tensile test

at
W+ Nb Ta Mo 3000°F

Us El.
(kpsi) (%)

100 0 0 0 14 70
88 12 50 4
44 12 44 54 7
88 12 28 14
88 6 6 62 -

44 6 44 6 51 5
44 44 12 57 568 20 12 68 16

Rhenium: the action of this element is worth special mention, as it is with
molybdenum. Solid solubility is 28% at 2400°F and 37% at 54000 F. This metal
improves hardness and high temperature properties and at the same time improves
fabricability (the alloy TI-35Re can be worked at a few hundred degrees) and
ductility, and lowers the ductile-to-brittle transition temperature, especially in
the recrystallized state. The addition of 5% Re also reduces the oxidation rate
to one-fifth.

Re (%) (by weight) 0 5 10 20 24 27 30

Bend transition
temperature
(OF) (8T):

Irecrystallized *t625 +550 +530 +500 +300 +140 +510
stress-relieved +400 +340

The zombination of additions of Re and (Mo - Nb - Ta) has been contemplated,
e.g. alloys such as W- 2%to 8% Re- 2 to 8% Ta, or W + 29%Re + 1.3%Nb +C.
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Mo a tin effet durcissant entre 3 et 10%. Au deli 1'effet est moins marqud,
principalement A haute tempdrature, i partir de 1.9250C. Un alliage W-Mo 12%
a sensiblemerit les m~ines caradtdristiques que le tungst~ne non allid, 'aI 2.2000C.

Ta a 1'effet le plus marQud sur les caractdristiques i chaud, principalement
dans la zone 3-10%, mais accroft encore ia tempdrature de transition
ductile-fragile et augmente les difticultds de fabricabilitd.

Mb :a un effet net jusqu'A 1.700 0 C, mais peu au delA,, sauf peut-6tre & faible
teneur oft ii intervient alors par phase dispersde.

Les combinaisons de ces dldments, superposdes au durcissement par travail A chauci,
donnent par exemple, pour des alliages coulds transformds dans les m~mes conditionsf

Essai de
traction &

W+ NA Ta Mo 1.650 C
R A

(kg/mun2j (%

100 0 0 0 9,8 70
88 12 35 4
44 12 44 38 7
88 12 20 14
88 6 6 43 -

44 6 44 6 365
44 44 12 40 5

Rhe'nium: tine mention spdciale doit 6tre faite pour 1'action. de cet dldment, canine
dans le can du molybd~ne, La solubilitJ solide est de 28% & 1.3000C et 37% & 3.0000C.
Ce mdtal accroit la duretd, les caractdristiques A chaud, tout en amdliorant la
fabricabilitd (1'alliage W-35Re peut se transformer & quelques centaines de degrds),
la ductilitd, et abaissant la tempdrature de transition ductile-fragile,
principalement & 1' dtat recristallisd. V' additio2 de Re (5%) rdduit en outre de 5
fois la vitesse d' oxydation.

Re (76) (en poids) 0 5 10 20 24 27 30 1

TO de transition (0C)
en pliage (8T) de
t6les, A l'4tat:

recristalliA +330 +290 +300 +280 +150 +60 +270

La combinaison d' additions de Re et de (Mo - Nb - Ta) a dtd envisage'e, comme par
exemple des alliages W + 2% 'a 8% Re A- 2 h 8% Ta, ou W + 29% Re + 1, 3% Nb + C.
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The cost of rhenium is a heavy handicap to the development of such alloys, with
the exception of wire for thermo-electric couples.

Ti - Zr - Hf - Cr have a small range of solid solubility and quickly produce

brittleness.

5.2.2. Dispersion Strengthening
Some improvement of high temperature properties is possible without changing the

transition temperature too much:

either by small additions of Ti, Zr, Nb or Hf, which form dispersed strengthening
compounds with 02 and C impurities (or with C deliberately introduced), chiefly
by means of arc melting. The addition of C alone seems likely to produce
strengthening effects after certain heat treatments. The solid solubility of
C is 0.3 at.% at 4410°F but drops rapidly to 0.05% at 3650OF with formation of
the carbide W2 C, which remains stable at high temperatures.

or by direct additions, by powder metallurgy, of compounds such as Th0 2,
TaC, HfO2 (less effective than the first two), BC, Zr0 2, A1203 , U02 (SiO2 and
MgO vaporize on sintering - most nitrides, as well as HfC, decompose on
sintering).

Bend transition temperatures and recrystallization temperatures for sheet

fabricated under the same conditions are:

Final heat treatment temperature (OF)
1800 2400 2600 2900 3200 3700

W +410 +400 +580D +66 0 F +680 +700

W + 8 vol. % ZrO2  +280 +185 +340 +4 50D +5 00 F +575
W + 8 vol. % Tho 2  +300 +175 +19 5D +370 +520F +575

D = recrystallization starts. P = 100% recrystallized.

The presence of these compounds lowers the transition temperature, raises the
recrystallization temperature of sheet and also inhibits coarsening of the grain in

high temperature sintering. It is clear, however, that at present contents of 8% by
volume (Zr02 or Th0 2) are the maximum compatible with good fabricability.
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Le prix du rhe'nium est toutefois un gras handicap pour le ddveloppement industriel
de cas alliages, & l1'exception du cas de fils pour couples thermodlectriques.

Ti-Zr-Hf-Cr ont tin faible domaine de solubilitd solid? et fragilisent trbs
rapidement.

5.2.2 Durcissement par Phase Dispersdee

On peut obtenir une certaine aandlioration des caractdristiques A chaud, sans trap
changer la tempdrature de transition..

soit par faibles additions de Ti, Zr, Nb, Hf formant avec las impuretds 0 2 et C
(ou C volantairement ajoutd) des composds disparsds durcissants, principalement
par la voie de la fusion A 1'arc. Il semble que 1'addition de C seul puisseI ~ dormer lieu A des effets de durcissement apr~s certains traiteinents therrniques.
C a tine solubilitd solide de 0,3 at.% A 2.4250C, mais qui ddcroft rapidement
1 0,05% A 2.0000C, avac formation du carbure W 2C. restant stable A haute
tampdrature;

salt par additions directes, en mdtallurgie des poudres, de composds tels qua
Th0 2' TaC, HfO 2 (mains afficaca que las deux prdcddents), ZrC (efficace pour
augmenter la tempdrature de recristallisatian), B.C. ZrO2 . A1203, U0 2' (S102, MgO
se volatilisent au. frittage - la plupart des nitrures, de mfte qua HfC se
ddcomposent au frittage).

Las tempdraturas da transition en pliage at las tempdratures de recristallisation

Tempe'rature de traitement final (TC)
1.000 1.300 1.400 1.600 1.800 2.000

w +205 +200 +3 10 D +350P' +360 +370

W +8 vol. % ZrO2  +140 +85 +170 +220D f+26eF +300
W+8vol. % ThO +150 +80 +9 0D +180 +27TOF +300

D d abtd la recristallisation. F = recriatallisation comp1~te.

Laprdsance de ces camposds ddcroft la tempdrature de transition, accraft la
tempdrature de recristalisatian des t~les at inhibe an autra le grossissement du

* ~grain ati frittage A haute tampdrature. II apparaft capendant qu' actuellamaut des
taneurs de 8% an volume (ZrO2 oti Th0 2) soiant le maximum compatible avec una bonne
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5.2.3 Combinations of Solid Solution and Dispersion Strengthening

Combination of both processes seems promising:

- either to improve ductile-to-brittle transition temperature:

Bend transition temperature on sheet

M02 or Soluble Stress-relieved Annealed
ZrO2  addition Ih lh 1h

(vol. %) (weight %) 2200OF 2350OF 3300OF

0 0 +400 +400 +650

0 5 Re 330 565
2 0 365 620
4 0 300 570
8 0 230 175 525
2 5 Re 300 485
4 5 Re 185 435

0 1Os 420 850
8 10s 165 -

0 0.3 Ir 750 870
8 0.3 Ir 165

-or to improve high temperature properties:"

W + 10 (Ni-Fe) + A1203 or MgO or ThO2 or ZrO2 or B

W + 3 (Ni-Fe) + 2Mo + 0.5Ru

W + 0.fNb + 0.09C (UTS = 28000 psi at 35000 F)

W + 13Nb + 0.3V + 0.12Zr + 0.07C (UTS = 56000 psi at 35000 F)

W + 12Nb + 0.14Zr + 0.2C (UTS = 48000 psi at 3500 0 F)

W + 1Nb + 0.iHf + 0.05Zr

W + 3Mo + 1Nb + C

W + 3Mo + 1Nb + 0.1Hf + 0.05Zr.

The transition temperatures of the last three types of alloy are slightly higher
than that of tungsten metal.

It may be noted that none of the suggested additions yet allows mechanical
properties worthy of interest to be obtained at more than 37000 F.
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5.2.3 Combinaison des Deux Procddhs

La combinaison des deux procddds de durcissement apparaft prometteuse:

- soit pour amdliorer la tempdrature de transition ductile-fragile:

Temperature de transition en pliage sur tWles

7W 2 ou Addition Restaurg RecuitZr02 so ,u 1 e 1 Ih h 1h

(Vol. %) (poids 1.) l.2000C 1.3000C, 1.8000C 3

0 0 200 200 360

0 5 Re 165 295

2 0 185 325
4 0 150 300

8 0 110 80 275

2 5Re 150 250
4 5Re 85 225

0 1Os 210 450

8 1Os 75

0 0,3 Ir 400 460

8 0,3 Ir 75 -

-soit pour amdliorer les caractdristiques & chaud:

W + 10 (Ni-Fe) + A120 ou MgO, uu ThO2, ou ZrO2, ou B

W + 3 (Ni-Fe) + 2Mo + 0,5Ru

W + 0,6Nb + 0,09C (R = 20 kg/mm2 A 1.900 0 C)

W + 13Nb + 0,3V + 0,12Zr + 0,07C (R = 39 kg/mm2 
j 1.900 C)

W + 12Nb + 0,14Zr + 0,2C (R = 34 kg/mm2 A 1.9000 C)

W + 1Nb + 0,1Hf + 0,05Zr

W + 3Mo + 1Nb + C

W + 3No + 1Nb + 0, 1Hf + 0,05Zr

Les trois derniers types d' alliages ont des temporatures de transition tr~s peu

supdrieures A celle du tungst~ne non allid.

On pourra remarquer qu' aucune des additions envisagdes ne permet encore d' obtenir
des caractdristiques mdcaniques dignes d' inter6t au del& de 2. O0°C.

II ___________________________________ _______
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5.3 Alloys Produced by Liquid Phase Sintering
or Infiltration

Active elements may be used in small quantities as activators to improve
densification in sintering. In descending order of effectiveness they are:
Pd (0.25%), Ni, Rh, Pt, Ru.

Other combinations are -,ore truly juxtapositions than alloys in the proper
sense:

Alloys obtained by sintering in the liquid phase:

W + lCu + 4Ni, W + 2Cu + 5Ni, W + !Cu + 6Ni (+ 0.2B), which are more readily
machinable than tungsten metal and are used as heavy alloys in engineering;

W + 2.8Ni + 1.2Fe, which can be rolled at 750-9250 F.

Alloys obtained by impregnation-infiltration: body of porous sintered tungsten
impregnated principally by Ag (10 to 20%) or Ag-28Cu. Impregnations by Al,
Cu, Ni-Ag or Mn are less interesting for application to rocket nozzles.

6. PHYSICAL PROPERTIES OF ALLOYS

6.1 Composition of the Most Advanced Alloys

Type Th0 2

W-ThO 2  1
W-Th0 2  1
W-TaC 0.4

Nb Mo Ta Re C

W-Nb 0.5
W-Mo 2.5
W-Mo 3.5 0.02
W-Mo 15
W-Ta 3.5
W-Ta-Mo 12 20
W-Nb-Mo 2 6
W-Re 3
W-Re 5

W-Re 26

W-Cu-Ni 6Ni 4Cu
5Ni 2Cu

4Ni ICu

General Electric alloy 3D. * Chase Brass and Copper. ** Used as sintered.
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5.3 Alliages Obtenus par Frittage en Phase
Liquide ou par Infiltration

Pour andliorer la densification au frittage (activation) des didnents actifs
peuvent Otre utilisds en faibles quantitds. Ce sont, par ordre d' efficacitd

ddcroissante: Pd (0,25%), Ni, Rh, Pt, Ru.

D'autres coinbinaisons consistent plus en des juxtapositions qu'en des alliages

proprenent dits:

Alliages obtenus par frittage en phase liquide:f

W + lCu + 4Ni, W + 2Cu + 5Ni, W + 4Cu + 6Ni (+ 0,2B), plus facilenent usinables
que le tungstgne non allid, utilisds en ndcanique en tant qu' alliage lourd:

W + 2,8Ni + 1, 2Fe, laminable A 400-5000C.

Alliages obtenus par inprdgnation-infiltration: carps de tungst,&ne frittd poreux
imprdgnd principalenent par Ag (10 1 20%) ou Ag-28Cu. Des 'Lmprdgnat ions par Al,
Cu, Ni-Ag, Mn, sont momns intdressantes pour le can des cols de tuy~res.

6. PROPRIETES PHYSIQUES DES ALLIAGES

6.1 Composition des Alliages les Plus Avancds

Type IW2  TaG

W-Th0 2  1

W-Th0 2  1
W-TaC 0,4

Nb Mo Ta Re C

U-Nb 0,5
U-Mo 2,5
U-Mo 3,5 0,02
W-Mo 15
U-Ta 3,5
U-Ta-Mo 12 20
U-Nb-Mo 2 6
U-Re 3
W-Re 5
U-Re* 26

U-Cu-Ni** 6Ni 4Cu
5N i 2Cu
4Ni lCu

Alliage 3D de General Electric. 'Chase Brass and Copper. U ttilisation 'a 1 dtat fritte'.
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6.2 Physical Properties

Density Melting

(lb/in
3) point

I (OF)

W-1Th0 2  0.690 C150
W-2Th0 2  0.683 6150
W-0.4TaC 0.696 6150
W-0.5Nb 0.692 6140
W-2.5Mo 0.685 5920
W-15Mo 0.615 5950
W-3.5Ta 0.696

Density Melting Electrical resistivi;ty (microhm-cm)

(lb/in
3) point

(7F) 70°F 2200°F 3600°F 5400°F
*

W-3Re 0.699 6100 10 40 70 110
W-5Re 0.701 6060 13 45 75 -

W-26Re 0.704 5650 32 60 90 -

W-Cu-Ni 0.630

Wire only in compercial supply:

coefficient of thermal expansion : 3.18 microinch/in OF at room temperature.

thermal conductivity : 55 Btu ft/h ft 2 OF at room temperature.
thermoelectric power 1 mV per 100°F (for W-26Re as coupled with W).

ihis kind of wire is used principally for thermocouples.
The W/W-26Re thermocouple can be used at least up to 5430 0F.

7. MECHANICAL PROPERTIES

7.1 Tensile Properties at High Temperatures
(Experimental values)

70°F 2200OF 2500°F 3000°F 3500°F 6 00°F
Cndition(a) YS I UTS E 1. YS IUTS EZ. YS IT• EI. YS ]TS EI. YS19,'s I. YS UITS E 1.

W-1Th0 2  B-F 50 38 23 14
W-27h0 2  B-F 38 50 12 37 25 17

B-F-D 21 30 4
B-P-R 100 10 15 22

W-0.4TaC B-F-D 40 43 1 25 32 20'
B-P-R 9 20 20 7 11 12

for references see page 198 -Continued)
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6.2 Propriete's Physiques

Dens L J Temp Jrature
(g/cM 3) de fusion

(0c)

W-1Th0 19.1 3.400
W-2Th0O2  18.9 3.400
W-0,4TaC 19,3 3.400
W-0,5Nb 19,2 3.395
W-2, 510 19,0 3.271
W-15Mo 17,0 3.290
W-3,5Ta 19,3

Dens iti Ternphrature Re'sistivitei 4lectrique (nzicrohms -cm)

(c C)200 1.2000 2.0000 3.0000

W-3Re 19.4 3.375 10 40 70 110
W-5Re* 19.5 3.350 13 45 75
W-26Re 19,8 3.120 32 60 90

W-Cu-Ni 17,5

Pi1 seulemvec en production industrielle:

coefficient de dilatation lin4aire :5,7 'C)
conductibilite' thermique 0, 23 cal/s cm 00 (i 200C.)
pouvoir thermoe'lectrique :1,8 mV par 100%C (pour W-26Re par rapport 'a W)

Ces fils sont principalement utilisds pour the~rmocouples.
Le couple W/W-26Re eat valable jusqua'& plus de 3.0000 C.

7. CARACTERISTIQUES MECANIQUES DES ALLIAGES

7. 1 Caractdristiques Me'aniques en Traction & Vhaud
(Valeurs exp4riinenta] es)

200C 1.2000C 1.37000 1.6500C 1.9t0o0C 2.2000C

E~(a) )%(glx2 (k&/m) (%) (k g/32 )%M{ WPM 2) (%)(kg/am2)

W-lThO 2  B-P 35 27 16 10
W-2Th0 2  B-P 27 35 12 26 18 12

B-F-D 15 21 4
B-F-R 70 7 11 22

W-0, 4TaC B-P-D 28 30 1 18 22 20
B-P-R -- 6 14 20 51 8 12

voir re'ferences (page 199) (Voir page suivante)
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70OF 290OOF 2500OF 3000OF 3500OF 4000OF
Condition(a) Y~[''••.Y

Codiin~)YS UTIS EI. YS IUTSE 1. UT SI USEl. YS UTS E 1. YS UTS EI1.

(kpi(kpsi (kpsi)() (kpS,) (%) (kps,) (%) (kpsi) (%) (kpsi) (%)

W-0.5Nb B-C 64 70 12 50 57 10 40 43 15 9 14 55 4 9 80
B-C-D 21 28 20 7 11 30

W-0.75Nb B-C-D 21 30 8 7 11 10

W-INb B-C-D 15 21 20 7 13 23
W-2Nb B-C-D 24 33 9 9 14 8

W-2.5Mo C-D(1) 40 0 28 26
B-C 47 50 22 6 9 90
B-C-D 30 48 5 11 18 9 3 9 40 2 6 45

W-SMo B-C 30 32 29 6 10 80 4 6 100
W-12Mo B-C-D 18 30 11 6 10 18 2 6 55

W-I5Mo C-D(1) 40 0 46 43
B-C 160 170 3 34 37 25 9 11 80 4 6 100

W-25Mo B-C-D 25 48 10 20 32 10 6 11 48

W-2Ta B-C-D 14 20 28 6 13 47
W-4Ta B-C-D 32 50 15 10 17 34
W-5. 3MT B-C-D 56 20 11
W-2OTa-l2Mo B-C-D 68 16
W-2b-6Mo B-C-D() ) 33 38 25

B-C-R(I 110 17 5

W-3Re p(2) 430 460 1 142 90 60 44

(wire) F-D 235 240 18
F-R 174 203 27

W-5Re p( 2) 400 480 1 160 118 63
(wire) F-D 240 243 16

F-R 166 220 23 125 25
W-26Re C-D 307 7 120 11 60 2 17 28
(wire) C-R 200 11 71202 17 28

W-Cu-Ni (s as sintered 100

(a) B forged bars C = arc cast D = stress-relieved
F = powder metallurgy R = recrystallized

(I) as cast + stress-relieved. (2) as-drawn. (3) not for elevated temperature service.
(4) extruded.

I i _ _
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20 C 1. 2000C 1. 3700C 1. 6500C i. 9000C 2. 2000C

Etat(a) LER AL A LE R A LEIR A LER A LET R .A

(k/m)%(kg/mm )(%)(kg .)(%) (kg/ma )(%) (kg/m 2)(%)(kg/XM2))

W-0,.SNb B-C 45 48 1I 35 40 10 28 30 15 6 10 55 3 5 80
B-C-D 15 20 20 5 8 30

1-0, 7Nb B-C-D 15 21 8 5 8 10
W-lNb B-C-Dl 11 15 20 5 9 23
W-2b B-C-D 17 23 9 6 10 8

W-2, 5So C-D~l) 28 0 20 26
B-C 33 35 22 4 6 90
B-C-D 21 34 5 8 13 9 2 6 40 1 4 45

W-51o B-C 21 22 29 4 780 3 4100
1-12Io B-C-D 13 21 11 4 7 18 1 4 55
W-15Mo C-D(1) 28 0 32 30

B-C 112 119 3 24 26 25 6 8 80 3 4100

W-25Mo B-C-D 18 34 10 14 22 10 4 8 48

W-2Ta B-C-D 10 14 28 4 9 47
W-4Ta B-C-D 22 35 15 7 12 34
W-5,3Ta B-C-D 39 14 8
W-2OTa-12Mo B-C-D 47 16
W-20b-6Mo B-C-D(') 23 27 25

B-C-R(4) 7 12 5

W-3Re p( 2) 300 320 1 100 63 42 31
(fil) F-D 165 168 18

F-R 108 142 27

W-5Re p( 2) 280 336 1 112 83 44
(fil) F-D 168 170 16

F-R 116 154 23 18 25
W-26Re C-D 215 7 84 11 42 22 12 28
(fli) C-R 140 11 54 20 12 28
W-Cu.Ni(3) Ifrtte' 70

(a) B = barres forgees C = coulg i P arc D = recuit de ddtente
F = metallurgie des poudres R = recristallise

(1) could non transforme. (2) brut d'4tirage. (3) non inte'ressaat ' haute tempdrature. (4) file.
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7.2 Materials Advisory Board Targets

The targets set by the Materials Advisory Board are:

Fabricabie For
moderate High sintered
strength strength material

Under optimum conditions
Elongation at 70°F 2 2
Tensile properties (kpsi)

at 3000°F YS = 15, UTS = 20 YS = 25, UTS = 35 at 3500°F
at 3500°F YS = 7, UTS = 10 YS = 18, U1S = 28 YS > 15
at 4000°F YS = 10, UTS = 15 UTS > 22

240h life
under 12 kpsi

Recrystallization
temperature (1h) (OF) 3400
Notched/unnotched UTS 1 at 400°F 1 at 400°F

Ductile-to-brittle bend
transition temperature (4T) 300°F 300OF
Bending at 300°F (base metal) 4 T 4 T

Figure 4 shows the relative position of the various semi-commercial or experimental

tungsten alloys with the MAR target.

7.3 Resistance

-,7.3.1 Stress Rupture (kpsi). Experimental values.

2500OF 2700°F 2800.F 3000°F 3300-F
Alloy Condition(a)

Ih 1Oh 1Oh lh +Oh IOOh Ih 1Oh lOh Ih lOh IOOh 1h 1Oh 10h

W-2Th0 2  B-F-R 40 30 24 25 18 14 9 7
wire

W-0.4TaC B-F-D 32 20 15
W-. 5Nb B-C 23 17
W-5Mo 18

W-15Mo B-C 21 23 7 14 7 4

(a) B = forged bars. C = arc cast D = stress-relieved
F = powder metallurgy R = recrystallized
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7.2 Spdcifications du Materials Advisory Board

Les buts i atteindre fixds par le Materials Advisory Board sont:

Alliage Alliage
fabricable a aAlliage • A ie r

rrd e rsistance pices rittes

Dans les conditions optima 

I
A (%) 200  2 2
Caractdristiques en traction
A 1.650 0C (kg/mm2 ) LE = 11, R = 14. LE = 17, R = 25 A 1.900°C
A 1.9000 C LE = 5, R = 7 LE =13, R = 20 LE > 11

& 2.2000C LE = 7, R = 11 R > 15,5
vie > 240h

Tempdrature de recristalli- sous 8,4 kg/mM2

sation (lh) - 1.8700C
1R lisse/R entaillef 1 1 2000 C 1 A 2000C

Tempdrature de transItion
ductile-fragile (en pliage 4T) +150 0 C +150°C
Pliage A 1500 C (mdtal de base) 4 T 4 T

La Figure 4 (page 203) situe les positions des divers alliages de tungstane semi-
commerctaux ou expdr•.nentaux par rapport aux specifications ci-dessus.

7.3 Caract~ristiques de Fluage

7.3.1 Rupture Differie (kg/mm 2). Valeurs expirimentales.

I1.3700C 1.4800 C 1.5400C 1.6500 C 1.7900 C
Alliage -Etat(a)-

li jIh lO1h lh 1Oh lO+ h lh 1Oh lO0h 1h 10t 1Oh lh 1ih 10h

W-2ThO2  B-F-R 28 21 17 18 13 10 6
fil 5

W-0,4TaC B-F-D 22 14 11
W-0,5N1b B-C- 16 12
W-5Mo 13
W-15Mo B-C 15 9 5 10 5 2,5

(a) B = barres forgdes. C = could i 1' arc D = recuit de d~tente
F = metallurgie des potadres K = recristallise'

- -t

o_
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Fig.4 Tungsten base alloys. Elevated temperature UTS
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7,3.2 Creep Stress (kpsi). Reference values

2800OF 3000OF 3100OF

Alloy Condition 0.5% in 1% in 1% in 27o in 1% in

Ih 10h I 1OOh Ih 10h lOOh lh 1h 1OOh

W-2ThO 2  Wire 6
W-0.4TaC B-F-D 15 9 4 21 11 6
W-15Mo B-C 4 14

7.4 Stress-Relief and Recrystallization

The stress-relief treatment temperatures required to increase ductility as
compared with the hot-worked state depend basically on the conditions of previous
fabrication.

Recrystallization temperature also depends on conditions of fabrication and on the
various types of additions in the allay (see Section 5.2).

Recrystallization Customary

Alloy Condition(a) temperatur-! stress-relieving
(OF) (1h) treatments

W-lThO2  B-F- 2920 lh at 2200-2400OF
W-2Th0 2  B-F- 3100-3300 lh at 2200-2400OF
W-0.4TaC B-F- 2740-3000 30 min-lh at 2400OF
W-0.5Nb B-C- 3200-3400 lh at 2700-2900°F
W-2Mo B-C- 3100
W-l5Mo B-C- 3400 lh at 2600°F
W-2Nb-6Mo B-C- 3300-3400
W-3Re wire 5430 3 min at 4000°F
W-5Re wire 5430 3 min at 4000OF
W-26Re wire 4200-4400

(a) B = extruded bars. C = arc cast. F = powder metallurgy.
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7.3.2 Fluage (i titre indicatif) (kg/=m2)

1.5400 C 1.6500 C I.7100C

A0ig Ea ,.5% en I% en 1% en 2% en 1% en

Ih I 1h Il10h I h 10h 100h 1h Ah 100h

W-2ThO2 ftl 4
W-0, 4TaC B-F-D 11 6 3 15 8
W-15Mo B-C- 3 10

7.4 Restauration et Recristallisation

Les temndratures des traitements de restauration permettant d' accrottre la
ductilitd par rapport & 1' dtat brut de travail & chaud, d~pendent essentiellement des
cond'.tions de transformation antdrieures.

La tempdrature de recristallisation dipend 4galement des conditions de transformation
et des diffdrents types d'additions alliantes (voir Section 5.2).

Tempgrature de Traitements de
Alliage Etat(a) recristallisation dctente-restauration

(Ih) ( 0C) les plus courants

W-IThO2  B-F- 1.600 lh & 1.200-1.300 0C

W-2Th0 2  B-F- 1.700-1.800 lh A 1.200-1.300°C
W-0,4TaC B-F- 1.500-1.650 0,5h & lh a 1.3200 C
W-0,5Nb B-C- 1.750-1.870 l & 1.480-1.600°C
W-2Mo B-C- 1.700
W-15Mo B-C- 1.870 lh i 1.4300 C
W-2Nb-6Mo B-C- 1.800-1.870
W-3Re fil 3 min A 3.000°C 3 min A 2.2300 C
W-5Re fil 3 min & 3.0000C 3 min i 2.2300 C
W-26Re fil 2.300-2.400

(a) B = barre filee. C = coule' ' P'arc. P = metallurgie des poudres.

j
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W-Re wire (properties at 70 0 F):

Heat treatment temperature (3 min)
nil 2550-F 4000°F 5400°F

YS (kpsi) 430 210 140
W-3Re wire UTS (kpsi) 460 220 160

El. (%M 1 2 30 3

Dope-treated El. (%5 4 2 2
W metal wire

Heat treatment temperature (3 min)
nil 3200-F 4000OF 5200-F 5400-F

J YS (kpsi) 400 270 230 166 137
W-5Re wire UTS (kpsi) 480 280 234 220 180

[El. M% 1 5 19 23 11

7.5 Ductile-to-Brittle Transition

The transition temperature is subject to the same trends according to the

various treatment or testing factors already mentioned for the other refractory
alloys:

Ductile-to-brittle
transition temperature ("F)

Alloy Condi tion (a)
Type of test

Bending Unnotched tensile

W-lThO 2  T.FD(2) +350
T-F-D (2) +440
T-F-R +675

W-2ThO 2  T-F-D(') +350
T-F.D( 2) +370
T-F-R 1650
BFD (3) +480

W-0.5Nb B-C- +570
W-2Mo B-C- +550 +460
W-15Mo B-C- +400 (extruded)

+350 (forged)
B-F- +510 (extruded)

W-3Re (wire) cold-worked <+70
annealed

for references see page 208 (Continued)
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Cas des fits W-Re (caractdristiques • 20 0c):

T de traitement thermique (3 min)
niant I.400°C 2.2000C 3.O00°C

Fil W-3Re R (kg/mm 2) 320 154 112

A(%) 1 2 30 3 j
Fil W non allid A(%) 4 2 2
dopd

T0 de traitement thermique (3 min)
neant I.7500C 2.2000C 2.9000 C 3.O000C

LE (kg/rn 2) 280 190 161 116 96
Fil W-5Re R (kg/mm') 336 196 163 154 126

A(%) 1 5 19 23 11

7.5 Transition Ductile-Fragile

La temperature de transition est sujette aux moimes dvolutions en fonction des
divers facteurs de transformation ou d'essai dJdj citds pour les autres alliages
rdfractaires:

Tempgrature de transition
ductile-fragile (*C)

Alliage Etat(a)
Type d'essai

Pliage Traction lisse
W-1ThO• T.F.Di) +175

T-F-D( +225

T-F-R +360
W-2ThO2 T.ID(') +175

T-F-DD(2) +185
T-F-R +340
B-F-D (3) +250

W-0,5Nb B-C- +300
W-2Mo B-C- +290 +240
W-15Mo B-C- +200 (fild)

+175 (forgd)
B-F- +270 (fi14)

W-3Re (fil) 4croui <+20
recuit

voir references (page 209) (Voir page suivante)
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Ductile-to-brittle

transition temperature (OF)IAlloy Gondition(a)

Type of test
Bending Unnotched tensile

W-5Re cold-worked wire <+70
annealed wire
T-F-D +340
T-F-R +550

W-26Re cold-worked wire -200
annealed wire -100
T-F-R +140

(a) B = forged bars C = arc cast D = stress-relieved
T = sheet (up to 0.2 in thick) F = posder metallurgy R = recrystallized

(1) stress-relieving at 18300F. (2) stress-relieving at 22000P. (3) stress-relieving at 2700 0F.
(see also Section 5.2).

8. CORROSION BY GASES AND CHEMICALS

8.1 Resistance to Oxidation

j Many attempts have been made to improve the resistance of tungsten to
oxidation.

Additions of Nb (optimum 15%), Ta (optimum 327), Hf, Si (optimum 0.5%) reduce
the oxidation rate, but quite inadequately.

The addition of Re is also favourable, and 5% Re reduces the oxidation rate of
W metal five times but this is not sufficient.

Additions of Cr, Ti or Zr have given rather variable results in experimental
work, but in any case the effect is slight. The optimum addition of Cr (9%) halves
the oxidation rate of tungsten at 2200OF in air.

Additions of Fe + Ni produce no improvement.

Additions of Co and V are more or less harmful even at low contents.

The addition of more than 5% Mo is found to be very harmful.

The best combinations at 2200OF seem to be in the range W (75-95) + Nb (5-25) +
Ti (0.2-12).

The -addition of Ru would also appear to have a favourable effect.

I _ _ _ mu • • • •
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Temp Jrature de transition
ductile-fragile (*GQ

Alliage Etat(a)
Type d'essai

Pliage Traction lisse

W-5Re fil dcrouiI
f il recuit <2
T-'-D +170
T-F-R +290

W-26Re f ii dcroui -130
f il recuit -75
T-F-R +60

(a) B = barres forge'es C = cou14 A 1' arc D - recuit de detente
T = t~les (4'p. < 5 mm) F =mitallurgie des poudres R = recristallise'

* 0(1) de'tente a 1.0000C. (2) de'tente a 1.200 C (3) de'tente i 1.5000 C
(voir e'galement Section 3.1).

8. CORROSION PAR LES GAZ ET LES PRODUITS CHIMIQUES

8. 1 Rsistance & 1' Oxydation

De nombreuses tentatives ont dtd faites en vue d' amdliorer la rdsistance 1i
l'oxydation du tungst~ne.

Les additions de Nb (optimum 15%), Ta (optimum 32%), Hf, Si (opitimnum 0,5%)
rdduisent la vitesse _d'oxydation, nais de fagon tr~s insuffisante.

L'addition de Re est dgaiement favorable, mais 5% de Re ne rdduisent Quo do 5 fois
le vitesse d' oxydation du tungst~ne non allid, ce qui oat tr~s insufL.aant.

Les additions do Cr, Ti, Zr, ont un effot assez variable, suivant lea
expdrimentateurs, nais de toute fagon tr~s faiblo. LV addition optimum de Cr (9%)
divise par deux la vitesse d'oxydation du tungst~ne &. 1. 200 0C dans 1' air.

Dns additions de Fe + Ni n' apportent aucune amdlioration.

Los additions do Co et V sont plus ou momns ndfastes d~s les faibles tonours.

V' addition de plus de 5% do Mo apparaft tr~s ndfasto.

Los combinaisons lea meilloures & 1. 2000C semblent ftre dana le domaine
W (75-95) + Nb (5-25) + Ti (0, 1-12).

L'addition de Ru '-urait 4galoment um offet favorable.
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8.2 Corrosion by Chemicals

The addition of up to 30-40% tantalum does not impair tungsten's strong resistance
to HF.

The liquid phase sintered alloys (4Ni 1Cu + 0.5 Ca or Al) put up a strong

resistance to the various aqueous corrosives.

9. FABRICATION

9.1 Welding

Welds on the common alloys are quite as brittle 4s on pure tungsten metal.

Binary and ternary combinations with Re, Ta, Zr, Hf, Y, Th and C have been

investigated. The transition temperature in the welded state of alloys based on
W-Hf-C is lower than that of tungsten metal (300 0F for the alloy W-IHf-0.03C).

9.2 Brazing and Diffusion Bonding

The difficulties due to welding have caused these two techniques to be actively

studied.

For brazing, the same difficulties experienced with molybdenum alloys were
encountered (formation of brittle compounds - recrystallization). The following
alloys have been used.

Brazing Service
temperature temperature

(OF) (7)

Nb + 2.2B (AS 517) 4000 3 50 0 (a)
Nb + 20Ti 4100 3500(e)
68Mn + 16Ni + 15. 5Co + 0.5B 1925 >5000
83.5Ni + 6.5Cr + 2.5Fe + 3B + 4Si + 0.15C 1925 3 30 0 (b)
60Pd + 40Ni - -

62Pd + 38Cr

Diffusion Pt-2B + W powder 2020 38 0 0 (b)

sink Pt-Si or Pt-Bi + Mo powder - -

technique 150Cr + 5Ni + W powder 2500 5001)

(a) The transition temperature of the base metal is increased from +600 to +725°P.
(b) After diffusion heat treatment: 4 hours at 1900-21000F.

m nmm mmuusnnmmnmmm nnumII __ u• nm
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8.2 Corrosion par les Produits Chisiques

On peut seulement indiquer que 1' addition de tantale (jusqu'i 30-40%) n'alt~re
pas la bonne rdsistance du tungst~ne vis-&-vis de HP.

Des alliages frittds en phase liquide (4Ni lCu + 0, 5 Ca ou Al) ant une bonne
rdsistance aux diffdrents miilieux aqueux corrosifa.

9. ElSE EN OEUVRE

9.1 Soudage

Les soudures sur alliages courants sont tout aussi fragiles que dana le cas du

Des combinaisons binaires ou ternaires avec Re, Ta, Zr, Hf, Y, Th, C, ant 4td
dtudides. Des alliages basdb sur i-Hf-C ont, A 1' dtat soudd, tine tempdrature de

Les iffculds uesan oudae fnt ue es euxtechniques sont activement

ont Ad4 rencontr~s (formation de composgs fragiles - recristallisation). On Porl rsglamisdfiutsqedn ;csdsalae emlban
utilisd lea alliages suivants:

Tepinprature Tempe'rature
de brasure de service

(OC) (0c)

Nb + 2,2 B (AS 517) 2.200 1.930(a)

Nb + 20 Ti 2.250 1.930'1)
68Mn l6Ni 15,5Co 0,5B 1.050 >2 . 7 5 0 (b)
83, 5Ni, 6,5Cr 2,5Pe 3B 4Si 0,15C 1.0501.0
60 Pd + 40 Ni

62 Pd + 38 Cr

Diffusion fPt-2B + poudre W 1.100 210b

sink Pt-Si Ou Pt-Bi + poudre Mo - -

technique 50Cr 5Ni + poudre W 1.370 2.760

(a) La tempirature de transition du tungste'ne de base passe de +3200C 'a +38&0 C.
(b) Apr~s traitement theruique de diffusion de 4h 'a 1. 050-1. 1500C.
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Powders of Ni, Cr or Ti alloys are used to braze tungsten to gzaphite (with
formation of Tic). In order to avoid these carbides, it was thought that a barrier
coating of rhenium (which does not form a carbide) might be used, but firing tests
were disappointing (formation of a W-Re-C alloy with a low melting point). Fillers
based on Ta-ZrH2 -W were also used.

For diffusion bonding at high temperature (3100-4700 0 F) under moderate pressure
(3000 psi), various intermediate coatings have been used (Ni-Pd). Deposits of Mo-W
(decomposition of carbonyls) have given interesting results (bonding achieved by
2 hours' heating at 4300°F under hydrogen atmosphere).

9.3 Forming

Alloy Forming Product

VW-IThO2 Hot rolling of sintered plate at Sheet of limited dimensions down3300°F; intermediate rolling at to 0.03 in thick.

2900-2500°F; final rolliug at Bars.
2200 0F. All forming must be Wire.
done red hot.

W-2Th02 Forging and swaging at 3300-2900°F Sheet of limited dimensions
for sintered rod. Rolling of down to 0.03 in thick.
sintered plate as for the 1% Bars.
alloy. Extruding at 3200-42000 F. Wire

W-0.4TaC Extrusion of sintered billets at Bars.
40000 F. followed by swaging at
3100-29000 F.

W-0.5Nb Extrusion of arc-melted billets Bars.
at 3600-4000°F (very difficult),
followed by swaging (3000-2600 0F).
or forging (2800-2500 0 F).

W-2-3Mo Rolling of cast billets at Sheet.
2400-20000F. Extrusion easier Bars.
than with 0.5Nb. T-sections
have been extruded at 32000 F.

(Continued)

jI
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Des poudres d' alliages Ni, Cr, ou Ti sont utilisdes pour braser le tungst~ne au
graphite (ii y a formation de TiC). Pour dviter ces carbures, on a pensd utiliser
une couche barriAre de rhdnium (qui ne forme pas de carbure), mais lea essais de
tir out Wt ddcevanta (formation d'un alliage A bas point de fusion W-Re-C). On a
utilisd 4galement des Joints A base de Ta-ZrH 2-W.

Pour lea liaisons par. diffusion i haute tempdrature (1.700 1 2.6000C) sous prossion
moddrde (2 kg/rn ), on a utilisd des couches intermddiaires diverses (Ni-Pd). Des
ddpdts de Mo-W (ddcomposition de carbonyls) out dounn des rdsultats intdressarjts
(liaison rdaliade par chauffage de 2h & 2.3500C sous hydrog~ne).

9.3 Fabricabilit~S - Production

Alliage Fabricabilite' Production

W-1Th0 2  Laminage A chaud de plaques TMes do dimensions limitdes
frittdes A 1.8000. Laminage jusqu'A e = 0,8 mmi.
intermdoiaire & 1.600-1.4000 C; Barres
laminage final A 1.2000C. Fils
Tout formage doit Otre offectud

au rouge.

W--2Th0 2  Porgeage et swaging A 1.800- M~ea de dimensions limitdes
1.600 0C pour barreaux frittds. Jusqu' A e =0,8 mmi.
Laminage des plateaux frtttds Barres
connie pour alliage & 1%. Fils

Filage A 1.800-2.3000C.

W-0,4TaC Filage A 2.2000C de billettes Barres
frittdea, suivi de swaging A
1.700-1. 6000C.

W-0, 5Nb Filage des billettes fondues A Barres
* l'arc A 1.980-2.2000C (tr~s

difficile) suivi de swaging
(1.650-1.450')C) ou de forgeage

* J (1. 500-1.3500C).

W-2-3Mo Launinage de billettes couldes TMes
A 1.300-1.0000. Filage plus Barres
facile que le 0,5Nb. Des 'T'
out 4t4 filda A 1.7600C.

(Voir page suivante)
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Alloy Forming Product

W-15Mo Extrusion of cast or sintered Arc-melted ingots of 12 ii1 dia.
metal at 3600-40000 F, iollowed by Bars.
forging at 2800-22000 F.

W-3Re Sintered metal worked by swaging Wire.
from 3000°F (begiziningý to
1600°F (end). Fine wire can

be bent cold.

W-26Re Arc-melted metal forged at 280(;C' Sheet.
and rolled from 2800°F to Wire,
18000F.4

9.4 Machining

The machining of the alloys presents the same difficulties as for tungsten
metal.

But the special alloys obtained by liquid phase sintering or by infiltration
machine far more easily.

10. COMPARISON OF THE TENSILE STRENGTH OF
REFRACTORY METALS AND THEIR ALLOYS

For purposes of general comparison, although ultimate tensile strength at high
temperatures is only one of the major factors by which a heat-resistant alloy can be
characterised, Figure 5 shows the relative positions of the different refractory
metals and alloys, while Figure 6 makes a comparison on the basis of the ratio
between ultimate tensile strength and density.
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4lliage Fabricobilite' Production

W-15Mo Filage du m~ta1 could ou frittd Lingots fondus & ' arc de 0300.
i 2.000-2.2000C, puis forgeage A Barres

1. 500-1. 2000C.

W-3Re Mdtal fritt4 travailid par swaging Fi1
W-5Re de 1.6000C (ddbut) & 8500C (fin).

Les fils fins peuvent 6tre plids

A froid.

W-26Re Mdtal fondu i' Parc forg4 a T8le

1.5000C, puis lamind de 1.500 Fi1[ ~ 9000C.

9.4 Usinage

L'usinage des alliages pr4sente les mfmes difficult~s que cElui du tungst~ne non
allid.

Cependant, les alliages spdciaux obtenus par frittage en phase liquide ou par

infiltration, s'usinent beaucoup plus facilement.

10. COMPARAISON GENERALE DES METAUX ET ALLIAGES REFRACTAIRES

A titre de coinparaison g~ndrale, et bien que la charge de rupture en traction A
haute temp4rature ne soit qu'utn des facteurs maJeurs permettant de caract~riser un
alliage resistant a chaud, la Figure 5 prdsente les positions relatives des
diff~rents mdtaux et alliages rdfractaires, et sur la Figure 6 lacomparaison est faite
sur la base du rapport charge de rupture/densitd.
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CHAPTER V - PROTECTIVE COATINGS

1. GENERAL

1.1 Essential Requirements for Protective Coatings

Studies aimed at perfecting protective coatings for refractory metals are
dominated by the fact that the metal to be protected is very highly reactive to
oxygen and, consequently, any imperfection in the coating (whether initial or developed
during use) renders it completely valueless in a relatively short time. To be of any
real practical use, a protective coating must therefore fulfil a great number of
conditions, the chief of which are:

1. The coating must obviously not react, or must react only to a limited and
controlled extent (pre-oxidation treatment) with its immediate environment (mainly
oxygen or air) over the entire temperature range from room temperature to the
required working temperatures. The effect known as "pest oxidation" must not
occur within any intermediate temperature range

2. The coating must provide effective protection, i.e., it must prevent or

reduce any diffusion of reactive gases into the base metal and must be firmly
bonded to the base metal with no porous areas, flaws, cracks or other defects (in
certain cases the presence of fine cracks is not always considered to warrant

rejection).

3. At working temperatures, the coating must prevent or reduce any diffusion of
the base metal towards the surface (this generally involves the use of multiple
coatings, the inner layers of which act as barriers).

4. At working temperatures, the coating itnelf must not tend to diffuse deeply
into the base metal, with the consequent risk of modifying its various properties.

5. Environmental conditions: temperature (which may be fairly or even very high),
pressure (which may be very high or very low) and the nature of the gases present
play a decisive part in the resistance of the protective coating.

Temperature of rapid decomposition in air (pest):

MoSi 2 900-1470OF (formation of M003 + SiO2 powder)

WSI 2 1470-2200°F

Aluminides of Nb or Ta 1000-1800OF

Beryllides of Nb 1000-18O000P.

iI
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CHAPITRE V -REVETEMENTS PROTECTEURS

1. GENERALITES

1. 1 Exigences Auxquelles Dolt RWpondre un Rev~tement Protecteur

La. mise au. point de rev6tements protecteurs sur les mdtaux rdfractaires est
dominde par le fait que le mdtal A ppotdger est dminemment rdactif avec 1'oxyg~ne, et
par suite, toute imperfection du revetement (soit au ddpart, soit crdde en service)
est absolument rddhibitoire & plus ou mains br~ve dchdance. Un revgtement protacteur
utilisable en service doit donc rdpondre A de multiples conditions, dont les
principales sont:

1. Le rev~tement protecteur ne doit dvidemment pas rdagir, ou d'une fagon
limitde acceptable et contr~lde (traitement de Drd-oxydation), avec le milieu
ainbiant (principalement ox~yg~ne ou air) et ceci sur tout le domaine de tempdrature
allant de la tempdrature sobiante & la tempdrature de service considdrde; il ne
doit pas prdsenter dens une zone de tempdrature intermddiaire le phdnom~ne deI ~ "pest -oxydation"~*
2. Le revetement doit Gtre efficacenent protecteur, c' est-i-dire: qu' il doit
dviter ou rdduire toiite diffusion des gaz rdactifs vers le mdtal de base, qu' il

doit Otre bien lid au nidtal de base et ne doit pas comporter, ni porositds,

manques, criques et autres ddfauts (dans certains cas ia prdsence de fines criques
n'est cependant pas touj ours considdrde comme rddhibitoire).

3. Aux tempdratures do service, le rev~tement protecteur doit dviter ou rdduire
toute diffusion du mdtal de base vers sa surface (d'oa g~ndralement l'utilisation
de couches multiples dont les couches internes jouent le rdle de be~rrigres).

4, Aux tempdratures de service, le revdtement protecteur ne doit pas lui-m~me
avoir tendance A diffuser profonddment dans le m~tal de base, risquant de modifier
ses diffdrentes caractdristiques.

5. Les conditions du milieu arbiant: tempgrature (qui. peut Otre moyenne ou tr~s
glevde), pression (qui peut ftre forte ou trbs faible), nature des gaz, ont un
r~le ddterminant quant & la tenue du rev~tement protecteur.

Tempgrature de de'composition rapide dans 1Pair (pest)*'

MoSi2 480-800
0C (formation de MoO3 + poudre SiO2)

wS12 800-1.2000I.;

aluminiures de Nb ou Ta 540-S'80C

berylliures de Nb 540-9800C.
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6. The processes employed for applying the protective coating (particularly the
effects of heating and heat treatments subsequent to application for the purpose
of bonding the coating to the base metal by the controlled diffusion effect) must
be prevented from adversely affecting the base metal (especially its ductility and
mechanical strength) by causing contamination or recrystallization.

7. The effects referred to in the foregoing paragraphs 2, 3, 4 and 6 may be
strongly influenced by minor additions to the composition of tae coating and by
the composition of the refractory alloy to be protected.

8. The presence of a coating must produce as little change as possible in
properties of the base metal, such as mechanical properties, ductility, ductile-to-
brittle transition, creep or fatigue).

9. At the same time, the coating must be able to follow any L,)v'4ents of the base
metal. It must therefore have:

a certain amount of tensile and bending ductility at room temperature and at

high temperatures;

a coefficient of expansion compatible with that of the base metal;

high resistance to thermal shock and thermal cycling;

high resistance to mechanical shock.

On these last two points, the base-metal/coating combination must be regarded a6
one material.

10. As the conditions mentioned in Section 2 are frequently difficult to meet in
full, any deficiency must be capable of being remedied by "self-healing"

properties or by the remote protection effect produced by the actual presence ofthe coating.

11. Examination of the physical properties of the coating (emissivity in
particular) must not be neglected.

12. The method of applying the coating must be suitable for practical conditions--

lieces of complex shape, sharp edges, etc. Where assembly is required, it is
necessary to consider:

- the problem of joining up, if the different parts of the structure are
treated before assembly;

- the problem of coating a pre-assembled structure (dimensions, penetration of
coating into joints).

13. The problem of the inspection of coatings before they are brought into service
requires further study.

14. Finally, in order to make comparison more comprehensive, the laboratory
testing of protective coatings must be standardised*"

* See. for instance, the Materials Advisory Board Aeport MAB 189M "Evaluation Procedures for
Screening Coated Refractory Metal Sheet", (15th February, 1963).
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6. Les processus d'application du rev~tement protecteur (en particulier les
effets de chauffage et les traitemerts thermiques postdrieurs i l1'application,
utilisds pour rdaliser 1'accrochage eu revftement par phdnomane de diffusion
contrdltde) ne doivent pas non plus avoir une influence ndfaste sur le mdtal de
base (particuli~rement sur sa ductilitd et sa rdsistance mdeanique) en

I provoquant par exemple, soit des contaminations, soit une recristallisation.

7. Les phdnomanes mis en jeu dans lea points 2-3-4-6 ci-dessus peuvent atre
fortement influencds par des additions mineures dans la composition du revotement
et par la composition de 1'alliage r~fractaire A protdger.

8. La prdsence d' un rev~tement protecteur ne doit modifier qu' aussi peu que
possible les diverses caractdristiques (caractdristiques m~caniques - ductilitd -

transition ductile-fragile - fluage - fatigue) du mdtal de base.

9. En mfte temps, le revftement protecteur doit pouvoir suivre lea mouvements du
metal de base. Ii doit donc possdder:

une certaine ductilitd en traction ou en flexion & la tempdrature ambiante etI A haute tempdrature;
un coefficient de dilatation compatible avec celui du matal de base;

une bonne rdsistance au choc thermique et au cyclage thermique;

une bonne rdsistance au choc mdcanique.

Pour lea deux points ci-*dessus, on doit considdrer le couple mdtal de base-
ravetement comne un tout.

10. Lea exigences du point 2 dtant le plus souvent tr~s difficiles & respecter
int~gralement, cette ddfaillance doit pouvoir 6tre compensde par des propridtds
d' auto-rdparation ou de protection & distance par simple effet de prdsence.

11. L'examen des propridths physiques du revetement (et particulibrement le
pouvoir dmissif) ne doit pas ftre ndgligd.

12. La mdthode d' application du revetement protecteur doit ftre adaptable A la
pratique: pibces de forme complexes, problame des "edges". Dans le cas
d'assemblage, il y aura lieu d'envisager:

-le probl~me pose par lea liaisons, si lea diffdrentes parties de la
structure sont traitdes avant d' d'tre assembldes;

-le probl~me poad par le revftement d' une structure prdalablement assemblde
(dimensions - pdndtration du rev~tement dons lea joints).

13. Le problaine du contrdle des rev~tements avant mise en service eat A mettre
au point.

14. Enf in, pour permettre une comparaison plus comprdhensive, lea essais de
laboratoire effectuds sur revdtements doivent ftre standardisds.*

Voir, par exemple, Materials Advisory Board rapport MAB 189'I "Evaluation Procedures for
Screening Coated Refractory Metal Sheet" (Feb.15, 1983).
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1.2 Brief Review of the Most Advanced
Protective Coattngs

The protection of refractory metals may be approached from the following basic
angles:

(a) Mechanical cladding of the surface with foil;

(b) Electroplating of metals, alloys or alloy + cermet combinations in one or more
layers;

(c) Cementation-type coating (either with powder or in the gaseous phase) in one or
mere steps, followed by thermal diffusion treatment - with special mention of
siliciding and chromizing;

(d) Dipping in a molten metal or a slurry;

(e) Painting or spraying with a slurry;

(f) Plating by immersion in molten salts;

(g) Metallisation spraying (flame or plasma method), generally in several passes;

(h) Ceramic, porcelain or enamel type coatings, principally by electrophoresis,
followed by sintering.

Two or more of these processes may be combined to give multilayer protection.

All the above processes have been applied, with varying degrees of success, to the
four refractory metals and their alloys.

There is no ideal protective coating which fulfils all the conditions set out in
Section 1.1. The most suitable coating has to be studied and selected according to
the special conditions of forming and use envisaged.

The protective coatings which aave given the most promising results are listed
below, with their performances.

2. PROTECTIVE COATINGS FOR NIOBIUM AND NIOBIUM ALLOYS

2.1 Types of Coating

Three main types of protective coating seem to be worth while, the principal
problem to be considered being that of re-entry and the second being that
of turbine blades:

coating by spray metallisation;

coating by dipping in a molten metal or slurry;

coating of the type: cementation + diffusion treatment.



225

1. 2 Breve Revue des Syst~ues Protecteurs Actuellement
les Plus Avancds

La protection des mdtaux rdfractaires peut 6tre envisagde par les moyens de
base suivants.,

(a) Placage mdcanique de t6les minces sur la surface,'

(b) Electroddposition de indtaux, d'alliages, ou de combinats d'alliage-cermet, en
couche unique ou multicouches;-

(c) Ddp&'-s du type cdmentation (solt dans une poudre, soit en phase gazeuse) uni-
on multi-couches, suivis de traitement thermique de diffusion. Avec mention
particuli~re de la siliciuration et de la chromisation;

(d) D~pft par trempd dans un mdtal fondu ou dans une bouillie;

(e) Application au pinceau d'une bouillie, ou par projection.

(f) Ddp~t par immersion en sels fondus;

(g) Application par mdtallisation par projection (flamme ou plasma), en gdn6ral
multicouches;

(h) Ddp6ts du type cdramique ou porcelaine ou dmaux, principalement par
diectrophor~se, suivis de frittage.

Deux ou plusiours de ces processus peuvent etre combinds pour obtenir des
revftements mull-icouches.

Tons ces proc~dds ont dt appliquds avec plus ou moins de succ~s aux quatre m~tauxI rdfractaires et & lenrs alliages.

Il n' existe pan de rev6tement protecteur iddal, rdpondant &. toutes les conditions
dnudrndres en section 1.1. Le revdteqient devra Otre 4tudid ou choisi en fonction des
conditions particuli~res de mise en oeuvre et de service envisagdes.

Les rev~tements protecteurs ayFaat donna les rdsultats les plus prometteurs, et leurs
performances, sont mentionnds ci-aprbs.

2. REVETEMENTS PROTECTEURS POURf NIOBIUM ET ALLIAGES BE NIOBIUM

2.1 Types de Reveteuents

Trois types principaux de revetements semblent valables, le probl~me principal
exainind dtant celui de la rd-entrde, et en second lieu celui des aubes de turbine:

ddp6ts type mdtallisation par~ projection;

ddp6ts au trempd en mdtal fondu ou en bouillie;

ddpdts type cdmentation + traitement de diffusion.
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A general picture is given by the following table:

Class Organisation Reference Type

Sprayed Union Carbide LM5 Alloy Mo-Si-Cr-Al-B
coating Union Carbide LM5G Alloy Nb-Ti-Cr-Ni-Al + LM5

General Electric Syst. 400 Oxide of Al + glass
*

Coating by Sylvania Syl 30 Al-Sn
hot-dipping General Electric Aldico Al-Si or Al-Cr-Si
or by General Electric and McDonnell LB2* Al-Cr-Si
slurry Naval Research Laboratory - Zn or Zn-Al

North American Aviation NAA-85 Al + ceramic

Silicide Chance Vought V VI* VII Modified by Cr-B or Cr-Al
*

base Chromalloy W2 Modified by Mo-Cr
coating Chromising Durak KA Modified b3 Mo

Pratt and Whitney MPWC (Ti-Si) + Cr

Thompson Ramo Wooldridge TRW* Modified by Cr-Ti
Pfaulder PFR 2M Modified by Cr or Cr-Mo
Boeing
General Telephone and Electronics R 506: Preliminary titanisation

_R 508

Coatings with the best general properties.

2.1.1 Spray Metallisation

I._5 (Union Carbide - Linde)

Powder of a previously sintered alloy (Mo 40%- Si 40% -Cr 8% - Al 10% - B 2%)
sprayed with oxy-acetylene flame or plasma-arc.

Protectiont: 1000h at 2100°F, 100h at 27000 F.

Advantage: good oxidation resistance.

Disadvantage: limitations of flame-spraying rrocesses from the point of view of
shapes and regularity - very sensitive to thermal and mechanical shock - little self-
healing effect,

LM5G (Union Carbide)

Duplex: under-coating of the alloy G418 (Nb 42% - Ti 29% - Cr 11% - Ni 9% - Al 9%)
or D947 (Nb 44% - Ti 31% - Cr 10% - Ni 10% - Al 5%) topped w4th a coating of LM5.

Protection: lo00h at 21000 P, 200h at 27000 F.

The term "protection', as used here and elsewhere in this chapter, applies to tests in still

air at atmospheric pressure, unless otherwise stated.

-- s ••
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tUne vue d'ensemble eat donnde par le tableau suivant:

Classe Organisat ion Repere Type

Revdtement Union Carbide LM5 Alliage Mo-Si-Cr-Al-B
par Union Carbide LM5G Alliage Nb-Ti-Cr-Ni-Al + UM5
projection General Electric Syst. 400 Oxyde d' Al + verre

Revetement Sylvania Syl 30 Al-Sn
au trempd General Electric Aldico Al-Si ou Al-Cr-Si
on par General Electric et McDonnell LB2 Al-Cr-Si
bouillie Naval Research Laboratory - Zn ou Zn-Al

North American Aviation NAA-85 Al + cgramique

Rev6tement Chance Vought V IV VII Modifid par Cr-B ou Cr-Al
& base'de t Chromalloy W3* Modifid par Mo-Cr
siliciure Chromizing Durak KA* Modifid par Mo

Pratt and Whitney PWC* (Ti-Si) + Cr
Thompson Ramo Wooldridge TRW Modifid par Cr-Ti
Pfaudler PFR 2M* Modifie par Cr on Cr-Mo
Boeing
General Telephone and Electronics R 506. Titanisation pr~alable

in 508.

* Rev~tements pre'sentant lea meilleures caract4ristiques d'ensemble.

2.1.1 ei'tallisation par Projection

LM5 (Union Carbide - Linde)
Poudre d' un alliage prdalablement frittd (Mo 40% - Si 40% - Cr 8% - Al 10% - B 2%)

projetde par flamme oxyacdtylinique ou au plasma-arc.

Protectionl. 1.000h & 1.150 0C - 100h i 1.5000 C.

Avantage: bonne rdsistance A 1'oxydation.

Inconvinient: limitation des processus par flame-spraying du point de vue des

formes et de la rdgularitd - tr~s sensible aux chocs thermiques ou m~caniques - tr~s
peu auto-rdparateur (self-healing).

LM5G (Union Carbide)

Duplex: couche de base d' alliage G418 (Nb 42% - Ti 29% - Cr 11% - Ni 9% - A1 9%)
ou D947 (Nb 44% - Ti 31% - Cr 10% - Ni 10% - Al 5%) et couche extdrieure de UA5.

Protection: 1.500h A 1.1500 C - 200h A 1.5000C.

$Le terme "protection" utilis4 ici et dams la suite s' applique i un essai en air calme, i la

pression atmospherique, sauf pr4cisiam contraire.
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Advantages: retains the high oxidation resistance of IM5 and stands up better
to thermal shock (will stand 30 immersions in cold water from 21000 p).

Disadvantage: still has the limitations of the flame-spraying process as regards
shapes.

FPLD - System 400 (General Electric)

Aluminium oxide + glass as a binder. Firing at 2500-27000 F.

Protection: 500h at 2300 0F, 100h at 25000 F.

Advantages: plasticity good at temperatures over 2000°F - can be applied to Nb or
alloys without distinction - little interaction with base metal up to 2550oF.

Disadvantages: owing to the method of application it is not very successful on
complicated shapes, sharp angles, etc. High firing temperature.

2.1.2 Hot-Dipping

Syl 30 (Sylvania)

On Nb and F48: "titanisation" (pack) treatment, followed by immersion in a molten
alloy Al-Cr-Si or Al-Sn (Sy 34S).

On D31: no previous surface treatment - immersion in a molten Al-Cr-Ti alloy.

In both cases, it is finished by one hour's diffusion heat treatment at 1900°F

under argon atmosphere in a mixture of Al and A120 3

Thickness: 25-100 microns.

Protection: 300h at 23000 F, 25h at 25000 F.

Advantages: satisfactory protection up to 2500°F - uniform thickness - little

effect on metallurgical properties of the base metal - cold plasticity fairly good.

Disadvantages: "titanisation" needed - high temperatures for application and heat
treatment - difficult to apply to complex shapes - effect of thermal shock rather
harmful at 25000 F.

Aldico (General Electric)

Immersion (3 minutes) in the molten alloy Al-Sil5 or Al-CrlO-Si12 (at 1700 0 F)
with flux. Diffusion heat treatment under vacuum (ih at 1900 0 F).

Protection: 10h at 25000 F.

Advantage: applicable to Nb metal and to F48, P50 and FS82.

Disadvantages: inter-diffusion - rather limited protection.
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Avantages: conserve la bonne r~sistance & l'oxydation du EMS et amdliore la tenue

au choc thermique (tenue de 30 trempes & l'eau froide depuis 1.1500C)..

AInconve'nient: reste soumis aux limitations de farme du flame-spraying.

FPLD - System 400 (General Electric)

Oxyde d' aluminium + verre fcrmant liant - cuisson & 1.350-1. 500 0C.

Protection: 500h i 1.260 0C 100 lOi 1.370 0 C.

Avantages: bonne plasticitd Atempdrature supdrieure A 1.1000 C-applicable sans
distinction & Nb oti alliages. Peu d' interaction jusqu' A 1. 40000 avec le mdtal de
base.

Inconve'nients., du fait du processus d'application, tr~s peu de succ~s sur formes
complexes, angles aigus, etc. - tempdrature dlevde de cuisson.

2.1.2 Immersion

Syl 30 (Sylvania)

Stir Nb et F48: traitement de "titanisation" (pack), puis trempd dans un alliage
fondu Al-Cr-Si ou Al-Sn (Sy 34S),

Stir D31: pas de traitement de surface prdalable - trempe dans un alliage fonduI Al-Cr-Ti.

I Dans les deux cas, on termine par un traitement thermique de diffusion de lh A
1.040 0 C sous argon dans tin ndlange Al-A 2 0.

Epa iss ear: 25 & 100 microns.

Protection: >300h A 1.2500C - 25h A 1.3700C,

Avantages: protection satisfaisante jusqu'?A 1. 3700C - dpaisseur uniforme - peti
d' effet stir les caractdristiques mdtallurgiques du me'tal de base - plasticitd assez
bonne A froid.

Inconve'nients., ndcessitd de "titaniser" - tempdrature dlevde d'application et de
traitement thermique - difficilement applicable aux formes complexes - effet quelque
peu .idfaste du choc thermique & 1. 3700C,

Aldico (General Electric)

Trempe (3 minutes) dans alliage fondu Al-Sil5 oti Al-Cr1O-Sil2 (a 9250C) sous flux
traitement thermique de diffusion sous vide (1h A 1.0400C),

Protection:, 10h At 1.370 0C.

Avantage: applicable A Nb non allid, de meme qu'i A 48, F50, FS82.

Tnconvhnients: interdiffusion - protection assez limitde.
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LB2 (General Electric)

Immersion in a metal slurry formed from the powdered alloy Al-CrlO-Sil2 +
acetone + xylene + binder (bentone) - or may be painted on - drying followed by
painting with an Al paste (Reynolds 30 IN) or second dip - final diffusion heat
treatment' (1 hour at 1900OF under argon atmosphere). Average thickness: 75 microns.

Protection: 10h at 2500°F (slightly improved by electro-plating base metal with
silver) 2h at 26000 F.

Advantages: easy to apply at low temperatures and adaptable to complex shapes.
An experimental rudder assembly in F48 was given this type of coating. Little effect

on metallurgical properties of protected metal.

Disadvantages: rather limited protection - not very effective on the alloy FS82 - *

thick, uneven coating.

PWC 1 (Pratt and Whitney)

Application by immersion in a molten alloy of Al-Cr.

Protection: 1500h at 18000 F.

Advantages: limited interaction with base metal - plasticity good at 18000 F.

Disadvantages: maximum protection temperature limited - difficult to apply to
complicated shapes.

Zinc (Naval Research Laboratory)

Applied by immersion in molten zinc or zinc vapour. Diffusion heat treatment
24h at 16000 F.

Protection: 1000h at 1800 0 F, 700h at 20000 F, 150h at 2200 0 F. (Alloy Zn 10% Al).

Advantages: simple to apply, self-healing at temperatures over 16000 F.

Disadvantages: working temperature limited to 2000-2200°F - formation of brittle
inter-3tallic compounds with base niobium (disadvantage somewhat reduced by using the
alloys Zn-Ti, Zn-Zr, Zn-Al or Zn-Ni-Al).

Aluminide (North American Aviation) NAA 85

Deposit (by spraying, dipping or painting) of a slurry of aluminium (or alloy)
powder + ceramic, in an organic liquid - diffusion heat treatment: lh at 1900°F
under argon atmosphere.

Protection: more than 5h at 26000F.

~1
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LB2 (General Electric)

Trempe dans urne bouillie formde de poudre de 1' alliage Al-CrlD-Si2 + acetone +
xyl~ne + liant (bentone) (ou peut Otre passide au pinceau) -s~chage - puis peintureI
avec une pfite d'Al (30 ELN de Reynolds) ou nouveau trempd enfin traitement thermique
de diffusion (1h & 1.0400C sous argon). Epaisseur moyenne: 75 microns.

Protection: 10h 4 1.3700C (ldg~rement am~liorde avec dlectroplacage d'argent sur
le mdtal de base) - 2h & 1.4000C.

Avantages: application facile i basse tempdrature et adaptable aux formes complexes.
Un "Rudder Assembly" en F48 expdrimental a requ ce type de revdtement - peu d' Lction
sur lee caractdristiques mdtallurgiques du m4tal protdgd.

Inconve'nients: protection assez limitide - peu efficace sur alliage FS82 -rev6tement

dipais et irrdgulier.

PWC1 (Pratt and Whitney)

Application au trempid dens un alliage Al-Cr fondu.I Protection: 1.500h A 1.0000C.

Avoantages:- interaction limitde avec le mdtal de base - bonne plasticitid 1 .0000C.

Inconve'nients: tempdrature maximum de protection limitde - difficilement applicable

aux formes complexes.

Zinc (Naval Research Laboratory)

Application au trempid dens le zinc fondu ou en vapeur. Traitement thernique de
diffusion 24h & 8700C.

Protection: 1.000h A, 1.0000C - 700h 1 .1000C - 150h 1 .2000C (alliage Zn + 10% Al).

Avoantages: application simple - auto-rdparateur aux tempdratures sup~rieures A 8700C.

Inconve'nients: tempdrature de service limitide A 1. 100-1. 2000C - formation de composgs
intermdtalliques fragiles avec le niobium de ba-ve (ddsavantage quelque peu rdduit
en utilisant des alliages Zn-Ti, Zn-Zr, ou Zn-Al ou Zn-Ni-Al).

Aluminiure (North American Aviation) NAA85

Ddpdt (par projection, trempid ou peinture) d'une bonillie de poudre d'aluminium (ou
alliage) + cdramique, dans un liquide organique - traitement tkermique de diffusion:
1k & 1.0400C sous argon.

Protection: supdrieure A 5k A 1.4300 (sur FS82).
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Advantages: Easy to apply - adaptable to complex shapes - no action on
metallurgical properties of the protected metal - little pest effect - stands up to
more than 0.25h at 23000F in 10- 5 torr vacuum.

Disadvantage. thick, uneven coating.

Aluminide (Pratt and Whitney)

Cathodic deposition of aluminium in a bath of NaAlP6 (+ 10-20% A1230)
1360-1800PF. Final diffusion heat treatment: 4-8h at 1600-1750 0 F.

Protection: more than 50h at 2400°F - 25 hours at 25500 F.

Improvement of pest effect is possible by addition of 3-5% Si.

2.1.3 Cementation and Diffusion

Silicide of Nb alone is not very effective (resistance to oxidation distinctly

Sinferior to that of silicide of Mo).

Silicide (Chance Vought) Vought II Si-Cr-Al
ixce og, Vought IV Si-Cr-B

Pack-cementation type silicide, with possible use of a protective inert gas.
Operated in two cycles of 16h at 1900°F - followed by diffusion heat treatment in
air: 32h at 19000 F, lh at 20000 F.

Average thickness 50 microns.

Protection: 150h at 2000°F on D14 - 2h at 25000 F. May be brought up to 10h at
26000 F by using an even more complex process involving an additional top coating of
Cr-Al or Cr-B or Cr-B-Fe.

Advantages: uniform thickness, very thin - can be applied to small pieces of
complex shape - littl.e appreciable effect on the metallurgical properties of the
base metal - can be o.pplied to Nb, Nb-lZe, C103 and D13.

Disadvantages: complex multicycle process - protection limited at temperatures
over 2400°F. Strong embrittlement of B66.

PWC2 (Pratt and Whitney)

Silicide modified by -i + chromizing.

Average thickness: 50 microns.

W2 (modified) (Chromalloy)

Vapour-coating in hydrogen atmosihere, followed by diffusion. Temperature about
2100 0F. Details of the process have not been released. It is probably a Mo
silicide with a chromium addition.

. 1 jI i I I i
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Avantages: application facile -adaptable aux formes complexes -pas d' action sur
les caractdristiques mdtallurgiques du mdtal protdgd - pest-phenomenon peu marqud-
tenue de plus de 0,25h A 1.2500C sous vide de 10-5 torr.

Inconvgnient: revdtement dpais et irr~gulier.

Aluminiure- (Pratt & Whitney)

Ddpdt cathodiquc d' aluminium dans un bain fondu de Na3AlF (10 1 20% A1203~) a
730-1.0000 C. Traitement final de diffusion 4 A 8h i 870-980 C.

Protection: plus de 50h & 1.3000C - 25h A 1.4000 C.

Amdlioration possible de la "Pest" par addition de 3-5% Si,

2.1.3 Cementation et Diffusion

Le siliciure de Nb seul est peu efficace (rdsistance & l'oxydation nettementj ~infdrieinre a ceile du siliciure de Mo).

Siliciure (Chance Vought) {Vought II Si Cr Al
Vought IV Si Cr B

Siliciuration du type pack-cementation pouvant utiliser un gaz neutre protecteur.
0pdrge en deux cycles de 16h A 1. 040 0C - suivie d' un traitement thermique de diffusion
dans 1' air de 32h A 1. 0400C + ih A 1. 0900 C.

Epaimmeur moyenne: 50 microns.

Protection: 150h A 1. 1000C sur D-14. 2h A 1.370 0C. Pent atteindre 10h a 1.4300 C
en .Ailisant un processum encore plus complexe amenant le ddp6t d'une couche extdrieure
suppldmentaire de Cr-Al ou Cr-B ou Cr-B-Fe.

Avan tages: dpaisseur uniforme et tr~s fine - applicable A de petites pi~ces de
forme complexe - effet pen sensible sur les caractdristiques m~tallurgiques du mdtal
de base - applicable A Nb. Nb-iZr, C103, D31.

Inconve'nients: procesmus complexe multicycle - protection limitde A tempdrature
supdrieure A 1.3000C. Forte fragilisation de l'alliage B66.

PWC2 (Pratt and Whitney)

Siliciure modifid par Ti + chromisation.

Epaisseur moyenne: 50 microns.

W3 modifid (Chromalloy)

Vapor-deposition dams une atmosphbre d'bydrog~ne, suivie de diffusion. Tempdrature
de l'ordre de 1.150 0C. Les ddtails du procddd ne mont pas rdvdlds. Ii s'agit
probablement d'un siliciure de Mo avec adjonction de chrome.
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Average thickness: 80 microns.

Protection: 1300h at 1800°F - 250h at 2000OF - 150h at 2450°F - 100h at 25000P.

Advantages: very thin even coating - applied in a single treatment - applicable
to very large dimensions.

Disadvantages: Operation in hydrogen atmosphere leads to considerable brittleness
in the base metal - application not very useful for alloys containing Ti or Zr -

brittle at temperatures below 2000°F - limited protection at temperatures over
255D0o.

Durak KA (Chromizing)

Vapour-coating with a modified Mo silicide in hydrogen atmosphere. Details of the
process are not released.

Protection: 3h at 2700°F (on alloy FS82).

Advantages: } as modified W2

Disadvantages:

Modified Silicide (Thompson Ramo Wooldridge)

This process is basically a multi-coat application in the vapour phase under
vacuum conditions:

first coating - titanisation by deposit of "KF activated titanium powder pack"
type, 8h at 2100°F, in 10-2 vacuum.

formation by "KF activated pack" process of a coating of Cr-Ti (50/50) or
Cr-Ti-Si or Cr-Ti-Al: 8h to 24h at 2300°F at pressure of 1.5 torr.

finally, siliciding in the vapour phase under previously formed vacuum. 5h at
215 0 °F, with KF activator.

Average thickness: 60 microns.

Protectio•i: on D31 or D41 .... 100 - 200h at 2000°F
250 - iD0h at 2300°F
100 - 80h at 2500°F

15h at 2600°F
5h at 27000F
lh at 2800°F

on F48 ......... 50h at 2500°F
on Nb metal .... 40h at 2500°F

D 150h at 2300°F cyclic
on D14 25h at 2600°F test
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Epaisseur moyenne: 80 microns.

Protection: 1.300h i 1.000°C - 250h A 1.106*C 150h 1.3500C - 100h i 1.370°C,:

Avantages: couche uniforms et tr~s mince -. application en un seul traltement -
applicable A de plus grandes dimensions.

Inconvinients: s'effectue en atmosphere d'hydrog~ne, d'oA fragilisation
importante du mdtal de base - application peu fructueuse aux alliages contenant Ti

ou Zr - fragile A tempgrature infdrieure i 1.1000 C - protection limitde i tempdrature
supdrieure i 1.400°C.

lDurakKA (Chromtztng)

Vapor-deposition d'un siliciure de Mo modifid en atmosphere d'hydrog~ne. Les
djtails du procdd ne sont pas rdvdlds.

Protection: 3h i 1.4700 C (sur alliage FS82).
Avantages: }[

comme W2 modifid
Inconv~nients:

Siliciure modfid (Thompson Ramo Wooldridge)

I1 s'agit basiquement d'un processus d'application multicouches en phase vapeur
sous vide:

rý'emi~re couche de "titanisation" par ddp6t type "KF activated titanium powder
pack" 8h A 1.1400 C, sous vide de 10"? torr.

puis formation par '%F activated pack" d'une couche de Cr-Ti (50/50) ou Cr-Ti-Si
ou Cr-Ti-Al - 8h A 24h i 1.260 0C, sous pression de 1,5 torr.

enfin siliciuration en phase vapeur sous vide prdalable: 5h 1 1.1750 C, avec

KF activator.

Epaisseur moyenne: 60 microns.

Protection: sur D31 ou D41 .... 100 A 200h A 1.0900 C
250 - 100h A 1.2600 C

100 - 80h A 1.3700 C
>15h & 1.4300 C

5h i 1.4800 C

lh A 1.5400 C
sur P48 ............. 50h & 1.37 0 °C
sur Nb non allh .... 40h h 1.3700C
surD14 .150h A 1.260 OC essai

r .............. 25h A 1.430 0C cyclique

- m mIm m •m m m • m• m • m
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Advantages: dense, uniform coating, but relatively thick - adaptable to complex
shapes - good protection at 2500°F. Pre-oxidation treatment appreciably improves
resistance to thermal shock. No change in the creep resistance of PS82 at 25000 F.

Disadvantages: coating cycle very complex - need to operate in vacuum - very brittle
at room temperature - high coating temperature, giving bad effect on metallurgical
properties at room temperature and particularly on ductile-to-brittle transition
temperature. Example: uncoated B66: -200°F; coated 966: Ti70°F; coated and
oxidised 72h at 2500OF: +2750 P. Creep resistance at high temperatures is
unchanged.

FPS85 also becomes brittle.

Thr bending capacity of U)43 at room temperature however is not affected.

PFR (I-lM-2M) (Pfaudler)

Silicide modified by Cr or Cr-Mo - pack-diffusion process - treatment in two steps:
one pre-coating (cementation type) and the other simultaneous c3ating of silicon
and other elements in hydrogen atmosphere.

Average thickness: 50 microns.

Protection: may be as much as 26h at 26000 F, 2-4h at 3000°F (on D31 alloy).

Advantage: good resictdnce at high temperatures.

Disadvantages: varying degree of brittleness due to hydrogen (especially for
alloys FS82 - P685 - B66), but the bending capacity ct D43 is not affected. Complex
process varying according to alloy.

AMFKOTE-3 (American Machine and Foundry)

Process not clearly indicated - application must be followed by diffusion heat
treatment.

Protection: 125h at 2500°F - 10h at 2800°F - 8h at 3000°F (on Nb metal).

Advantage: may be applied by all techniques (pack cementation, hot-dipping,

painting, spraying) - stands up well at high temperatures.

Modified Gilicide (Boeing). Di-Sil

Siliciding reaction in fluidised bed with I.dine as carrier gas - working in

previously prepared vacuum - temperature: 19000 F.

Emissivity improved by additional coating of SiC + Si02.

Thickness: 35 microns.
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Avantages: couche uniforme et dense, mais relativement dpaisse -adaptable aux
forc'es complexes - bonne protection a 1.370'0C. Un traitement de prd-oxydation amdlioreI
netteinent la rdsistance au choc thermique - Pas de modification de la rdsistance au
fluage & 1.3600C du FS82.

Inconve'nients: cycle de ddp6t complexe -ncessit4 d'opdrer sous vide -tr~s fragile& A
200C - tempdrature de ddpdt 6lev6e, d' oý effet ndfaste sur las caractdristiques
mdtallurgiques i l'ambiante, at en particulier sur les temp~ratures de transitionI
ductile -fragile. Exemple: B66 non revdtu: -1300C - B66 revGtu: + 800C - B66 rev~tu

at oxydd 72h & 1. 3700 C: + 1350C. La rdsistanca au fluage k chaud n'est pas changd'.

Le FS85 eat 4galement fragilisd.

La capacitd de pliage & 200 du D43 n'est cependant pas modifida.

PFR (1-1M-2M) (Pfaudler)

4 Siliciure modifid par Cr on Cr-Mo - processus par pack-diffusion - traitement en un
temps ou en deux tamps, l' un de pr~coating (type edmentation), l' autre de coddposition

de slicim + utre 61ments en atmosph~re d'hYdrog~ne.

Epaisseur moyenne: 50 microns.

Protection: reut atteindre 26h A 1.4300C, 2 hA 4k 1 .6509C (sur alliage D31).

Avantage: bonne tenue 6. haute tempdrature.

Inconve'nients: fragilisation plus on moir.4 iniportante par l'hydrog~ne (particuli~re-
ment alliage F'S82 - FS85 - B66); la capacit*.A de pliage du D43 nWast cependant pas
affact~e. Procesaus complexe - variable suivant 1'alliage.

AMdFKOTE-3 (American Machine and Foundry)

Processus non pr~cisd - l'application doit ftre suivie d'nn traitement thermique
de diffusion.

Protection: 125h A 1.3700C - 10h A 1.5500C - 8h & 1.6500C (sur Nb non allig).

Avantage: pent 6tre appliqud par toutes las techniques (pack-cementation - hot-
-dipping - painting - spraying) - bonne tenue A haute tempdrature.

Siliciure modifid (Boeing). Di-Sil

Rdaction de silicinration en bain flnidisd avec 1' iode comme gaz porteur -enceinte

pr~alablement mise sous vide - tempdrature*' l.0400OC.

Amdlioration de 1' dmissivit4 par conche snppldisentaire de SiC + SiO2.

Epaissat ., hicrons.
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Protection: 3h at 2700°F (on FS82).

4h at 2700°F (on D36).

Advantages: protected metal is not embrittled - strict control of reaction
temperatures - reduced treatment time - can be applied to complex shapes.

Modified Sulicide (General Telephone and Electronics). R506
R508 (Ag-Si-Al)

Preliminary titanisation - Slurry application.

Average thickness: 70 to 250 microns.

Advantages: excellent protection on D43 and C129 Y (70h at 26000 F)
some self-healing properties at 2600°F
very little embrittlement of 866.

2.1.4 Metal Cladding

For high temperatures (over 3000 0 F), further consideration is being given to the
use of cladding with Pt or Pt-1ORh, by means of a special cold-rolling process
(Metals and Controls).

2.2 Performance of Coatings and Effect of
Transition Temperature

The following tables show some comparative results obtained in the performance
of various protective coatings on various niobium alloys:

Performances of protective coatings on Nb, D31 and F48

Average life (in hours) in cyclic
tests in air at

Coating 2300°F 2500°F

Nb D31 j 48 Nb D31 F48

Sylcor Al-Cr-Si (+ Ti) 30 200 >300 1 30 20 10

General Electric LB2 15 200 30 2 20 5
Vought Vought II 7 10 10 3 2 2

Chromalloy W2 2 10 10 2 20 2
TRW (Cr-Ti) 3ii >300 >300 >300 >300 300 300
Chromizing Durak 20 15 20 - 2 20 2

I •r.
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Protection: 3h A 1.480
0 C (sur FS82).

4h A 1.4800 C (sur D36).

Avantages: pas de fragilisation du mdtal prot~g4 - contr6le strict des temperatures
de rdaction - temps de traitement rdduit - applicable i formes complexes.

Siliciure modifid (General Telephone and Electronics). R506
R508 (Ag-Si-Al)

Titanisation prdalable. Application par bouillie.

Epaisseur moyenne: 70 1 250 microns.

Avantages: excellente protection pour D43 et C129 Y (70h A 1.4200 C)
quelques proprittds d'autordparation A 1.4200C
trbs peu de fragilisation dans le cas du B66.

2.1.4 Mdtaux Plaquis

On envisage A nouveau, pour les hautes temperatures (supdrieures A 1.6500 C)
l'utilisation de placages de Pt ou Pt-10 Rh, obtenus par un procddd spdcial de
laminage A froid (Metals and Controls).

2.2 Performances des Rev~tements et Influence sur
le Metal de Base

Les tableaux ci-apr6s rassemblent quelques rgsultats relatifs aux performances de
* revdtements protecteurs sur divers alliages de niobium:

Performances de rev~tements protecteurs sur Nb, D31 et F48

Durie de vie moyenne (h) en essais
cycliques dans l'air a

Rev'tement 1.2600 C 1.3700C

Nb D31 F48 Nb D31 F48

Sylcor Al-Cr-Si (t Ti) 30 200 >300 30 20 10
General Electric LB2 15 200 30 2 20 5
Vought Vought II 7 10 10 3 2 2
Chromalloy W2 2 10 10 2 20 2
TRW (Cr-Ti) Sil >300 >300 >300 >300 300 300
Chromizing Durak 20 15 20 2 20 2

I

I
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Performances of protective coatings on alloy D14(')
(sheet 0.03 in thick)

Bending on 4T(1) Life (in hours) after
Average life (in hours) Pre-oxidised bending at 70°F

Coating in cyclic tests in 50h 1Oh at 2000°F at 26000F
air at (OF) As re- at at bending bending

"ceve FO) (OF) angle age

1600 2000 0 2600 2000 2600 20 100(5) 20 100(5)1

Chromalloy W2 >150(2) 18 6 1-9 M M B >72 ti 11 1
McDounel LB2 4 16 5 2 B M 6 3 2 2
Pfaudler (Cr-Mo) Sil >150 60 1-17 10 B B B >72 3 5 2
Pratt-Whitney

(Ti-Si) Cr >150 35 3-19 2 AB AB d) >72 8 5 5
General Telephone
(Ti) Sil 60 20 70 19 B AB AB 31 6 10 26

Thompson Ramo Ti
(Cr-Ti) Sil >150 >150 >150 27 B B B >72 1 >30 22

Vought Si
(Cr-B-Fe) Sil >150(2)J 150 18 12 U B AB >72 1 2 2

(1) TAPCO tests (Navy Buweps Contract)
(2) One sample lasted only four hours
(3) M = bad. AB = fairly good, B = good (no cracks)

(4) Coating became useless during pre-oxidation
(5) All coatings were cracked to some extent after this bending test.

Performances of protective coatings on alloys
FS85, B66 and D43(1) (sheet)

Base Average life (in hours) in
Coating Alloy cyclic tests at (OF)

1600 2000 2300 2600

Pfaudler (Cr) Sil D343 >150 150 63 4

(1 cycle) B66 150 48 6 2-24
FS85 1-6

Pfaudler (Cr) Sil D43 5 >150 150 24 4

(2 cycles) B66 6 28 5-24 1

Thompson Ramo (Cr-Ti) D43 >150 >150 125 24

Stl B66 70 >150 >150 >150 36
FS85 50

(1) TAPCO tests.

:3I N i
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Performances de revgtements protecteurs sur alliage D14(0)
(tOle de 0,75 mm d'dpaisseur)

Durec de vie noyenne (h) Pliage ý 4T73) Dur~e de vie (h) (apr'es
en essais cycliques Etat Pre'oxyde' pl iage 'a 200C)

Revetexent dans lair b de 50h 10h 4 1.0900 ý 1.4300

rcep- 4 Pliage de Pliage de
8700 1.0900 1.2600 1.4300 tio.1 1.0900 1.430020 '( 5) 20 11

Chromalloy W2 >150(2) 18 6 1-9 M B B >72 11 11 1

McDonnel LB2 4 16 5 2 B M(4) M(4 6 3 2 2

Pfaudler (Cr-Mo) Sil >150 60 1-17 10 B B AB >72 3 5 2
Pratt -Whitney

(Ti-Si) Cr >150 35 3-19 2 AB AB M(4) >72 8 5 5

General Telephone
(Ti) Sil 60 20 70 19 B AB AB 31 6 10 26

Thompson Ramo Ti

(Cr-Ti) Sil >150 >150 >150 27 B B B >72 1 >30 22

Vought Si

(Cr-B-Fe) Sil >150(2) 150 18 12 M L AB >72 1 2 2

(1) Essais de TAPCO (contrat Navy Buweps)

(2) Un 4chantillon n'a tenu que 4h
(3) M = mauvais, AB = assezbon, B = bon (pas de criques)
(4) Rev6tement mis hors d'usage an cours de la pre-oxydation
(5) Tous les revgtements sont plus on moins criques apr~s ce pliage.

Performances de rev~tements protectears sur alliages
FS85, B66 et D43(1) (tales)

Alliage Durge de vie moyenne (h) en essais

Rev'tement de cycliques dans l'air a

base 8700C 1.0900C 1. 2600C 1.4300C

Pfandler (Cr) Sil D43 >150 150 63 4

(1 cycle) B66 150 48 0 2-24
PS85 1-6

Pfaudler (Cr) 511 D43 5 >150 150 24 4
(2 cycles) B66 6 28 5-24 1

Thompson Ramo (Cr-Ti) D43 >150 >150 125 24

S5l B66 70 >150 >155 >150 36
1S85 50

(0 "ssats de TAPOO

I _________
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Influence of 7HW coating on bend transition temperature (in OF)

Base metal After heating in With Tompson Ramo
Alloy (stress-relieved vacuum equivalent to type coat ing

sheet) coating process

FS82 -420 -420 -420
D14 -420 -420 -200
D43 -200 -110 -40
B66 -200 -110 +180
D31 -110 +30 +90
F48 +100 +150 +210

Influence of various coatings on bend transition
temperature (OF)

Alloy D3I10) Alloy F48(2 )

coated coated coated coated
+ + + +

Coatings treated oxidised treated oxidised
coated 2h at 2h at coated 2h at 2h at

2500OF 2500°F 2500OF 2500OF
in in in in

vacuum air vacuum air

Sylcor Al-Cr-Si (+ Ti) -75 -75 -50 +120 +140 +150
General Electric LB2 -75 -20 +150 +160 +70 +150
Vought Vought II -5 +15 +150 +150 +100 +150
Chromalloy W2 +230 +70 +150 +300 +150 -440
TRW (Cr-Ti) Sil +90 +230 +180 +150 +250 +230
Chrom.izing Durak +90 +30 +170 +300 +150 +180

(1) For bare base metal, the transition temperature is: -1100P
(2) For bare base metal, the transition temperature is: +100°P

3. PROTECTIVE COATINGS FOR TANTALUM AND TANTALUM ALLOYS

3.1 Types of Coating

The most advanced types of protective coatings are based on aluminides,
beryllides and silicides. Silicide of tantalum alone is not a sufficient protection.

_____

Lw____ I
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Influence du rev8tement TRW sur la temperature de transition en pliage

Mdtal de base Apr~s chauffage sous Avec un rev~tement
Alliage (t6le restaurefe) vide equivalent au type Thompson Ream

processus de revktement

FS82 -195°C -195°C -195 0 C
D14 -195 -195 -130
D43 -130 -80 -40
B66 -130 -80 +80
D31 -80 0 +32
F48 +40 +66 +100

Influence de differents rev~tements sur la temperature
de transition en pliage (en "C)

Alliage D31(') Alliage F48(2 )

rev~tu rev~tu revetu rev~tu
+ + + +

Revgtements traite oxydg traite oxyde

rev~tu 2h 2h rev~tu 2h 2h
1.3700C 1.3700C 1.370°C 1.3700C

sous dans sous dans
vide l'air vide l'air

-4

Sylcor Al-Ci-Si (+ Ti) -60 -60 -45 +40 +60 +65
General Electric LB2 -60 -30 +65 +70 +20 +65
Vought Vought II -20 -10 +65 +65 +40 +65
Chromalloy W2 +110 +20 +65 +150 +65 +230
TRW (Cr-Ti) Sil +30 +110 +80 +65 f-120 +110
Chromizing Durak. +30 0 +75 +150 +65 +80

(1) Pour le mdtal de base nu. la templrature de transition est -800 C
(2) Pour le m4tal de base nu. la temperature de transition est +400 C

3. REVETEMENTS PROTECTEURS POUR TANTALE ET ALLIAGES DE TANTALE

3.1 Types de RevOtements

Les types les plus avancds de revdtements protecteurs sont A base d' aluminiure,
berylliure ou siliciure. Le siliciure de tantale seul n' est cependant pas suffisamment
protecteur.

I, .
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A general picture is given by the following table:

Class Organisation Reference Type

Aluminide General G4 Al + llSi 1
Telephone and G5 Al + lOSi + 10 Cr immersion
Electronics G6 Al + 25Si

G14 Al + 5Ti + 5Cr

35S Sn50-AI45-Si5

• 90 (Sn + 25A1) -10 (MoAl 3)
90 (Sn + 25AI) -10 (TaAl 3)

Beryllide General Telephone Be modified

and Electronics

Silicide Battelle, - modified by V, B, Mn or Al
General Telephone R506 preliminary titanisation
and Electronics
Chromalloy W2m modified by Mo, Cr

Miscellaneous Value Engineering - Cr + ceramic

• Coatings possessing the best general characteristics.

3.1.1 Aluminides (General Telephone and Electronics)

(a) Application by immersion in molten Al alloy at 1700°F (G3: Al metal;
G4: Al + 11% Si; G5: Al + 10% Si + 107 Cr; G6: Al + 25% Si; G14: Al + 5% Ti +

5% Cr) followed by vacuum diffusion treatment or "pack-calorizing" heat
treatment in Al or Al alloy powder + A120 3 (1 - 4h at 1900 - 22000 F).

(b) Alloys on Sn-Al base (G21: Al 10% - Sn 90%; 34S: Al 25% Si; 40S: Al 25% -
Sn75%; 35S: Ao 45% - Si 5% - Sn 50%). The sprayed alloy may be modified
by additions of Ta or Mo to give the complexes: 90 (Sn + 25 Al) - 10 (MoAId

or 90 (Sn + 25A1) - 10 (TaAI 3 ).

Application by hot-dipping, flame-spraying or spray suspension in a lacquer,
followed by diffusion heat treatment in vacuum (30 min to lh at 19000 F).

Thickness: 50-150 microns.

Protection: G14 o

G21 Imore than 10h at 2700°F
34S 1 lOOh at 3800 0F (on Ta and Ta-10W)
40S more than 9b at 3000°F2h at 3200°F
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Une vue d' ensemble est donnde par le tableau suivant:

Classe Organisation Rep~re Type

Aluminiure General G4 Al + 11 Si

Telephone and G5 Al + 1OSi + 1OCr
Electronics G6 Al + 25Si

G14 Al + 5Ti + 5Cr

35S Sn5O A145 Si5
90 (Sn + 25AI) 10 (MoA13l

*90 (Sn + 25AI) 10 (TaAl 3)

Bdrylliure General Telephone - Be modifid
and Electronics

Siliciure Battellk - modifid par V, B, Mn, Al
General Telephone R506 titanisation prdalable
and Electronics
Chromalloy W2m modifid par Mo, Cr

Divers Value Engineering - Cr + cdramique

Rev6tements pre'sentant les meilleures caract4ristiques d'ensemble.

3.i.1 Aluminiures (General Telephone and Electronics)

(a) Application au trempd dans alliage d'Al fondu A 930 0 C (G3: Al non allid - G4:
Al + 11% Si - G5W Al + 10% Si + 10% Cr - G6. Al + 25o Si - G14 Al + 5% Ti +
5% Cr), suivie d'un traitement de diffusion sous vide ou d'un traitement
thermique de "pack-calorizing" dans poudre d'A1 ou d'alliage + Al 20 3 (1 A 4h A
1.040 - 1.2000C).

(b) Alliages i base Sn-Al (G21: Al 10% - Sn 90%. 34S: Al 50% - Sn 50%.
40S: Al 25% - Sn 75%. 35S:, Al 45% - Si 5% - Sn 50%). L'alliage projetd peut
&.re modifid par additions de Ta ou Mo pour obtenir les complexes 90 (Sn + 25 Al)
10 (MoA1 3 ) ou 90 (Sn + 25 Al) 10 (TaAl 3).

Application au trempl, ou par flame-spraying, ou par projection en suspension dans
une laque, suivie d'un traitement thermique de diffusion sous vide (0,5 A lh A 1.0400 C),

Epaisseur: 50 1 150 microns.

Protection: G14
G21 plus de 10h A 1.480°0

34S f lOOi A 1.5400C (sur Ta et Ta-lOW)

400 plus de Ah A 1.6500C
2h A 1.7500 C

<V
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Advantages:

- easy to apply;
- effective protection at high temperature - plasticity good at high

temperature;
- self-healing for Al-Sn alloys;
- good low-temperature properties for AI-Sn alloys;
- no embrittlement of the base metal (Ta metal or Ta + 1OW);
- good resistance to impact.

Disadvantages:

- properties poor at low temperatures for G14;
- alloy Ta-lOHf-5W is rendered brittle by 34S;
- instability at low pressures (the vapour pressure of tin at 2800°F is

about 3 mmHg). Minimum acceptable pressures are-

2600°F 2700°F 2850°F
3 mmHg 6 mmHg 12 mmHg

3.1.2 Beryllides (General Telephone and Electronics)

Applied by vaporisation of beryllium in a vacuum (2 - 4h at 2000°F); subsequent
diffusion heat treatment does not appear necessary.

Protection: (on Ta-10W): about 100h at 2600°F
20h at 2700OF

Disadvantages:

- obligation to work under vacuum conditions;
- extreme brittleness from 70 to 2200°F - affords no protection in this

temperature range;
- brittleness induced by diffusion into base metal.

3.1.3 Silicides

AMFKOTE 4 (American Machine and Foundry)

See Niobium: AMFKOTE 3.

Protection (on Ta metal): 125h at 2400OF
10h at 2800°F
7h at 3000°F

Advantage: self-healing.

Modified Silicide (Battelle)

Coating by pack cementation technique 4h + 12hat 2200°F diffusion heat treatment.
Additions of Mn, V, B or Al.

Average thickness: 100 microns.

I
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Avantages:

- application facile;
- protection efficace i haute tempdrature - bonne plasticitd & chaud;
- auto-rdparation pour les Al-Sn;
- oonnes caractdristiques aux basses tempdratures pour les Al-Sn;
- pas de fragilisation pout le m4tal de base (Ta non allid ou Ta + IOW);
- bonne rdsistance A 1' impact.

Inconvenients ax

- mauvaises caractdristiques aux basses tempdratures pour G14;
- fragilisation de l'alh'•ge Ta-iOHf-5W par le 34S;
- instabilitd aux basses pressions (la tension de vapeur de 1'dtain A

1.545°C est d' environ 3 mm de Hg). Les pressions minima acceptables sont:

1.4300C 1.4800 C 1.5700 C
3 mmHg 6 mmHg 12 mmHg

3.1.2 Birylliure (General Telephone and Electronics)

Application par vaporisation de b4ryllium sous vide (2 A 4h i 1.0900 C); un traite-
ment thermique de diffusion ultdrieur n'apparaft pas ndcessaire.

Protection (sur Ta-10W): environ 100h & 1.4300C
20h & 1.4800 C

Inconvennients:

- obligation d' opdrer sous vide;
- tr~s grande fragilitt de 20 A 1.2000 C et non protecteur dans cette

zone da tempdrature;
- fragilisation par diffusion dans le mdtal de base.

3.1.3 Siliciures

AMFKOTE 4 (American Machine and Foundry)

Voir Niobium: AMFKOTE 3.

Protection (sur Ta non ailid): 125h A1 1.3000 C
10h & 1.5300 C

7h A 1.6500 C.

Avant age: auto-rdparateur.

Siliciure modifid (Battelle)

Ddpft par pack-cementation, de 4h + 12h, A 1.2000 C + traitement thermique de
diffusion. Additions de Mn, V, B, Al.

epaisseur moyenn,: 100 microns.

I ___ ___ ____ ___ __ -
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Protection: 100h at 2200°F
24h at 2700°F

13h at 2950°F (unmodified silicide).

Advantages:

- stands up well to high temperatures;
- self-healing (on alloys);
- does not impair mechanical properties of base metal at

room temperature;

Disadvantages:

- causes embrittlement of base metal (better behaviour for tantalum
alloys containing V, Nb or W);

- veryt brittle at room temperature;
- poor protection (pest) at moderate temperatures (life of 5h at 1800 0F),

but this is reduced by modification with vanadium.

Modified W2 (Chroumalloy)

See Niobium.

Protection: more than Ih at 2700°F.

Disadvantage: causes embrittlement of base metal.

Cr-Ti-Si (Thompson Ramo)

See Niobium.

Protection: 30h at 2700°F.

R506 (General Teleph,'ne and Electronics)

Titanisation in vapour phase at 22000 F, followed by siliciding by pack cementation
technique.

Base alloy Life in hours 2t (OF)
1100 1800 2600 2800

Ta - - 30 -

Ta-10W 25 220 - >8
Ta-30Nb-7.5V 220 210 - 1-5

3.1.4 Metal + Ceramic

Cermet (Value Engineering)

Co-electrodeposition of chromium and ceramic, followed by diffusion heat treatment.

Protection: (flame tests): 25 min at 3900°F (for Cr + ZrB).
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Avantages:

- application facile;
- protection efficace A haute tempdrature - bonne plasticitd A chaud;
- auto-rdparation pour les Al-Sn;
- bonnes caractdristiques aux basses tempdratures pour les Al-Sn;I - pas de fragilisation pout le mdtal de base (Ta non allid ou Ta + 10W);
- bonne rdsistance A 1' impact.

Inconvenients:

- mauvaises caractdristiques aux basses tempdratures pour G14;i ~- fragilisation de 1' alliage Ta-10Hf-5W par le 34S;

- instabilitd aux basses pressions (la tension de vapeur de 1' dtain r
1.5450C est d' environ 3 mm de Hg). Les pressions minima acceptables sont:

1.4300C 1.4800C 1.5700C
3 mmHg 6 mmHg- 12 mmHg

3.1.2 Birylliure (General Telephone and Electronics)

Application par vaporisation de b4ryllium sous vide (2 A 4h A 1.0900C); un traite-
ment thermique de diffusion ultdrieur n'apparaft pas n~cessaire.

Protection (sur Ta-lOW): environ 100h A 1.4300 C
20h A 1.4800C

Inconvbnients:

- obligation d' oprer sous vide;
- tr~s grande fragilitd de 20 1 1.2000C et non protecteur dans cette

zone de tempdrature;
fragilisation par diffusion dans le mdtal de base.

3.1.3 Siliciures

AMFKOTE 4 (American Machine and Foundry)

Voir Niobium: AMFKOTE 3.

Protection (sur Ta non allid): 125h A 1.3000C
lOh A 1.5300 C
7h A 1.6500C.

Avantage: auto-r4parateur.

Siliciure modifi (Battelle)

Dlp6t par pack-cementation, de 4h + 12h, A 1.2000 C + traitement thermique de
diffusion. Additions de Mn, V, B, Al.

Epaisseur moyenne: 100 microns.

Y ,,
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Protection: 100h 1 1.2000C

24h A 1.4300C
13h & 1.6000C (siliciure non modifid).

Avantages:

- bonne tenue A bau-e tempdrature;
- auto-rdparateur (.ur alliagcs);
- n' est pas nWfaste pour lea caractsristiques mgcaniques A 200C de 1' alliage

de base.

Inconvenients:

- fragilisation du m4tal de base (meilleur comportement s' ii s' agit
d'alliages de tantale contenant V, Nb, W);

- tr~s fragile A froid;
- mauvaise protection (pest) A tempdrature moddrde (v: de 5h A I.0000 C),

inconvdnient rdduit par la modification au vanadium.

W2 modifid (Chromalloy)

Voir niobium.

Protection: plus de 1h A 1.4800 C.

Inconvinient: fragilisation du mdtal de base.

Cr-Ti-Si (Thompson Ramo)

Voir Niobium.

Protection: 30h i 1.4800 C.

R506 (General Telephone and Electronics)

Titanisation en phase vapeur A 1.2000 C suivie de siliciuration par pack-cementation.

Alliage de base Durie de vie (h) h
6000C 9800C 1.4300C j 1.540 C

Ta - - 30 -
Ta-lOW 25 220 - >8
Ta-30Nb-7,5V 220 210 - 1I-5

3.1.4 Metal + Cdranique

Cermet (Value Engineering)

Co-dlectroddposition de chrome + cramique, suivie d'un traitement thermique de
diffusion.

Protection (essais A la flamme): 25 minutes A 2.140°C (pour Cr + ZrB).
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4. PROTECTIVE COATINGS FOR MOLYBDENUM AND
MOLYBDENUM ALLOYS

4. 1 Types of Coating

Research work on protectiio coatihgs for molybdenum and its alloys ha~already been
in progress for many ye~rs (and it may be noted that is has served as -a starting

point £or the other three refractory metals, Nb0 Ta and W).

SThe majority of protective coctings used on Mo are of the silicy'de type. There has
also been some development of coatings applied by spraying. A few applications have
been envisaged for systems based on electroplated metals or metals + ceramics.

The following table gives a general picture:

Class Organisation Reference Type

Silicides American AMFK07E 2 Cr modified
=! Machine and Foundry

SChromalloy W2* Cr-AI modified

SW3 B modified
SChromizing Durak B modified

Pfaudler PFR 5 Cr modified
SPFR 6 Nb modified

Boeing Di Sill modified
Chance Vought Vought IV* Cr-AI or Cr-B modified
UK - Ministry -RC Cr-Al modified

I] ~of Aviation
iIONERA (France) Ca modifiedSprayed Murex Ni-Cr-B-Si-Fe

metals Murex Cr-Si-Ai-Fe
Climax Cr-Si-AIElectro- Cr-Ni-A -

SAmerican Co + W + Zr02

- Machine and Foundry
Value Cr + ZrB '|

II

4CBattelle Pt + AF20M
M DAL DE CrNi + AO20S

Miscellaneous General Telephone aluminCde Ao-in

i g fand Electronics
General Electric Mo-Au-Si

Coatings possessing the best general characteristics.

_ _ _ _

nu mClmu a ss •non Orgmmuua mnu unsa uu inul Referencem Type U uuu
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K 1 ~ 4. REVETEHENTS PROTECTEUR9'POUR MOLYBDENE ET25
ALLIAGES DE MOLYBDENE

4.1 Types de Revetements

Les recherches des revetements protecteurs pour le molybd~ne et sesa a1Liges ant
dtd entreprises depuis de nombreuses anndes ddjA (et P'on peut d'ailleurs remarguer
qu'elles out servi de bases de depart pour lea trois autres mdtaux: rdfractaires

Nb, Ta, W).

La majorittJ des revftements protecteurs sur Mo sont du type siliciure modifid. Un
certain ddveloppement a 4tH dgalement donnd aux revdtements appliquds par projection.
Quelques applications ant dtd enviaagdes pour les syst~mes A. base de m~taux ou

mdtaux + cdrazniques diectroplaquds.
Nne vue d' ensemble est donnde par le tableau suivant:

Classe Organisat ion Repe're Type

Siliciures American AMPROTE 2 modifid par Cr
Machine and Foundry
Chromalloy W2* modifid par Cr-Al

W3* modifid par B
Chromizing Durak B modifid
Hfaudler PFR 5 modifid par Cr

PFR 6* modifid par Nb
Boeing Di-Sil* modifid
Chance Vought Vought IV* modifid par Cr-Al ou Cr-B
UK - Ministry MRC modifid par Cr-Al
of Aviation
ONERA France modif 14 par Ca

Mdtaux Murex Ni-Cr-B-Si-Fe
projet4s Murex Cr-Si -Al -Fe

Climax Cr-Si -Al

Electra- Cr-Ni-Al
ddposition

American Co + W + ZrO 2
Machine and Foundry
Value Cr + ZrB
Battelle Pt + Al 2 03
ARDE CrNi - Al 20 3

Divers General Telephone *aluminiure Al-Sn
and Electronics
General Electric Mo-Au-Si

Rev~tements prdaentant lea meilleures caracte'ristiques d' ensemble.
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4.1.1 Silicides

AMFKOTE 2 (American Machine and Foundry)

"•Severely modified silicide produced by pack cementation. May undergo
vitrification treatment at 28000 F.

Protection: 30h at 2800°F
9h at 3200°F

,4, . 45 min at 40000 P

Advantages: - one of the coatings giving the best performances;
- excellent self-healing properties at temperatures over 23000P.

Disadvantages:

- comple: application;
- brittle coating;
- great reduction of mechanical properties of the base metal.

R507A (General Telephone and Electronics).

Modified silicide produced by pack cementation (16h at 19000F) + special covering
coat. Final diffusion treatment in aij.

W2 (Chromalloy)

Modified silicide by addition of Cr-Al (composition in at.%: Mo62 - Si32 - A15 -
CrO.4). Coating by pack cementation in two cycles of 12h each at 1900°F in the
mixture: 6% Cr - 11% Si.- 83% A1203 + NH 4 1.

Average thickness: 60 microns.

Protection: 500h at 2400°F
20-30h at 2700°F (36h at 95% efficiency)
2h at 31000P.

Advantage: self-healing at temperatures above 2400 0P.

Disadvantages:

- very poor protection at thin edges and sharp corners (a panel of
Mo-0. 5Ti alloy coated with W2 showed severe attacks at the edges after
15 minutes at 3000°F - Bell tests);

- slight embrittlement of base metal;
- brittle at room temperature;
- sensitises the metal to fatigue crack propagation.

•i•;••,
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9FKOIX 2 .(Qrican Machine and Foundry) -

Siliciure fortement modifid rdalisd par pack-cementation. Peut subir
traitement de vitrification & 1.5400 C.

Protection: 30h & 1.5400 C
9h & 1.7600 C
0,75h A 2.2000 C

Avantages: - c' est l'un des rev6tements donnant les meilleurs performances;
- auto-rdparateur excellent i tempdrature sup4rieure ' 1.2600 C.

Inconv~nients:

- application complexe;
- rev~tement fragile;

- forte diminution des caractdristiques mdcaniques du mdtal de base.

R507A (General Telephone and Electronics)

Siliciure modifid r4alisd par pack-cementation (16h & 1.0400 C) + couche de
recouvrement spdcial. Traitement final de diffusion dans l'air.

W2 (Chromalloy)

Siliciure modifid (addition de Cr-Al) (composition en at. %: Mo62 - S132 - A15 -
CrO,4). Ddp6t par pack-cementation en deux cycles de chacun 12h & 1.0400C dans le
mdlange: 6% Cr - 11% Si - 83% A1203 + NHI.J

Epaisseur moyenne: 60 microns.

Protection: 500h i 1.3000C
20 & 30h & 1.4800 C (36h & 957 de rendement)
2i2 A 1.7000 C.

Avantage: auto-rdparateur & tempdrature supdrieure A 1.300'C.

Inconvenients:

- tr~s mauvaise protection des extrgmitds minces (edges) et angles aigus
(un panneau en alliage Mo-0,5 Ti rev6tu de W2 a montrd de fortes
attaques aux extrdmit•s aprAs 15 mrin 1.6500 C - essais Bell);

- Idg~re fragilisation du mdtal de base;

- fragile A froid.
- sensibilise le mdtal A la propagation des criques de fatigue.

3r, -
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W3 (Chromalloy)

Sulicide modified by addition of B.

Average thickness: 30-80 microns.

On Mo-0.5Ti, gives protection of:
800h at 25000F
270h at 2700°F

3h at 30000F (30 min at 30000? under pressure of 0.1 torr)
2h at 31000F

Sensitive to low pressures.

Durak MG I (Chromizing)

Modified silicide.

Protection: 7500h at 20000F
150-200h at 2700°F (264h - Chromalloy tests)
2h at 30000F (on TZM alloy in flowing air).

Advantage: good protection at edges.

Disadvantages:

- very brittle at room temperature;
- causes embrittlement of base metal

PMR 6 and PFR 5 (Pfaudler)

PFR 6: silicide modified by Nb.
PFR 5: Cr and Si deposited in several cycles.

Silicide modified (addition of Nb) by pack cementation, in two cycles at 20500F, of
total duration 7h (P1R 5).

Special equipment has been designed to heat assemblies measuring 6 x 4 x 3 feet

(loading 8 tons).

Average thickness: 50 microns.

Protection: 1000h at 20000P

50h at 24000P
27h at 27000P

6-25h at 28000F
4Q at 30000P

2.5h at 31000F
O.5h at 32000P

Y .mm,•.,,mm -

mm m mm I 2' -m mmt
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13 (Chromalloy)

Siliciure modifid par addition de B. (1'~

Epaisseur moyenne: 30 A 80 microns.

Donne sur Mo-0,5Ti use protect-ton de:
800h & 1.370 0C
270h & 1.4800C

3 3h & 1.6500C - (0.5h1 .6500C sous Aftession de 0,1 torr)

2h1 & 1.7000C

Sensible aux basses pressions.

Durak B (hoiig

Durak MG (hoiig

Siliciu~~ oi dI Protection: 7.500h & 1.0900C
150-200h i 1.4800C (246h1 - essais de Chromalloy Co)

2h i 1.6500C (sur alliage TZM en air souffid).

Avantages: bonne protection des extrdmitds (edges).

Inconv~nient:

- tr~s fragile & tempdrature ambiante.
- fragilisation du ndtal de base.

P1FR 6et PFR 5(Pfaudler)

PF'R 6: siliciure nodifid par Nb.
PF'R 5: Cr et Si ddposds en plusieurs cycles.

Siliciure modifid (addition de Nb) par pack-cenentation, en deux cycles &1.120 0C,
d! une durde totale de 7h1 (P1'R 5).

Un appareillage a dtd prdvu pour traiter des ensembles mesurant 1.800 x 1.200 x 9GG
(charge de 8 T).

Epaisseur moyenne: 50 microns.

Protection, 1.000h & 1.0900C
50h & 1.3200C
27h1 i 1.4800C (essais de Chromalloy)

6-25h. & 1.5400C
411 i 1.6500C

2,5h1 & 1.7200C (processus en 2 cycles)
0,51h 1.7600C
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-Advantage: littl embrittlement of the base metal.

Disadvantages! poor protection at edges; J
_,,rather brittle at room temperature.

Vitro - Sulicide modified 6y Ni.

Application by ele6trophoresis of womixture 94 (MoSi 2)-6?4

Isostatic compression, followed by sintering at 23000 F.

Protection: 40h at 25000 (on TZC).

Disadvantage: recrystallisation of base metal by diffusion of Ni during
sintering.

Silicide (North American Aviation)

Modified silicide deposited at low temperature:

Protection:

Temperature (0F) 2500 2750 3000 3200 3300

Hours 90 50 120 200 24

Advantage: appears to resist thermal shock well (no failure on immersion in
water at 30000F).

Di-Sil 1 (Boeing)

Deposited in gaseous phase with iodide in fluidized bed of silicon.

Average thickness: 40 microns.

Protection: 2500h at 1800°F
2h at 2700°F (4h on TZM)

30 min at 3000OF (2.5h on TZM)

Advantages:

- does not embrittle the base metal;

- strict control of reaction temperatures;
- reduced treatment time;
- application to complex shapes.

Disadvantage: brittle at room temperature.
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Avantage: peu de fragilisation du m4tal de base.

Inconvenient: mauvaise protection des extrdmitds;
assez fragile A tempdrature ambiante.

Vitro - Siliciure modifid par Ni.

Application par 4lectrophorhse d'une mixture 94 (MoSi 2 )-6Ni.

Compression isostatique, puis frittage i 1.2600C.

Protection: 40h A 1.3700C (sur TZC).

Inconvgnient: recristallisation du metal de base par diffusion de Ni au cours du
frittage.

Stlicture (North American Aviation)

Silicture modifid ddposd A basse tempdrature 00

Protection:

Temperature (*C) 1. 370 1. 510 1. 650 1. 750 1. 810

Heures 90 50 120 200 24

Avantage: rd'sisterait bien au choc thermique (pas de rupture par trempe A 11 eau

, 1.65AsC).

Dp-Sel f (Boeing)

Ddp-t en phase gazeuse t l'ctdure dans une d dered sicum en suspension
(fluidized bed).

Epatsseur moyenne: 40 microns.

Protection: 2.500h i 1.0000C
2h i 1. 480°C - 4h sur TZM

0, 5h i 1.6500C - 2,.5h sur M

Avantages :

- pas de fragilisation du mdtal de base;-
- contr61e strict des tempdratures de rdactton.-

- temps de traitement rdduit;
- applicable A formes complexes.

Inconvdnient: fragile A tempdrature ambiante.
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Vought II (Chance Vought)

Silicide modified by Cr-Al or Cr-B (see Niobium, Section 2.3).

Average thickness: 95 microns.

MRC (UK Ministry of Aviation)

Modified silicide.

1st coating: chromisation (Cr or Cr-Al) by vapour-pack diffusion 30 min at
22000F.

2nd coating: siliciding (Si or Si-Cr or Si-Cr-Al): lh at 22000 F.

Protection,, 2000h at 2200°F
4h at 2900°F (flame test)

Advantages: hot plasticity good;
self-healing.

Disadvantage: brittle at room temperature.

Silicide (France - ONERA)

Pack-cementation in the mixture SiO2 + calcium fluoride - lh at 2100 0F.

Advantage: good fatigue resistance at 1800-2200°F (with stress applied parallel
to the coating).

The comparative performances of a few silicide base coatings, obtained by various
independent organisations, are given below:

Coating on MTC alloy

(NASA Evaluation) AKOTE __ _ __

Durak B vitri- non- W2 PFR 5 PFM 6 Di-Sil Vought

fied(') vitrified II

at 2500°F-continuous Sheat 450 112 23 62 38 29 13
at 2500 0F-30 mincycles 8 11 1 3 3 2 2

:at 2700°F-2-hour

cycles 250 30 30 2 <2

Ratio of tensile YS 0.9 0.4 0.4 0.9 0.7 0.7 0.9 0.9
properties after IUTS 0.9 0.5 0.4 0.9 0.7 0.7 0.8 0.9
and before El. 0.8 0.4 0.2 0.5 0.8 0.8 0.8 0.7
coating( )

(1) lh at 28000 F. (2) Allowance must be made for the fact that the thickness of the base

metal is reduced by the coating treatment.
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Vought II (Chance Vought)

Siliciure modifid par Cr-Al ou Cr-B (voir Niobium, Section 2.3).

Epaisseur moyenne: 95 microns.

MRC (UK - Ministry of Aviation)

Siliciure modifid.

Premiere couche de chromisation (Cr ou Cr-Al) (par vapour-pack diffusion

30 minutes A 1.2000 C).

Deuxi~me couche de siliciuration (Si ou Si-Cr ou Si-Cr-Al): lh 1 1.2000 C.

Protection: 2.000h A 1.2000 C
4h A 1.6000 C (flame test)

Avantages: bonne plasticitd A chaud;

auto-rdparateur.

Inconvenient: fragile i tempdrature ambiante.

Siliciure (France - ONERA)

Pack-cementation dans le mdlange S102 + fluorure de calcium. lh A 1.1400 C.

Avantage: bonne rdsistance A la fatigue i 1.000-1.2000 C (avec contrainte parall~le

h la couche).

Les performances comparatives de quelques revftements A base de siliciure, obtenues
par diverses organisations inddpendantes, sont indiqudes ci-apras:

Rev'tements sur alliage MTC

(Evaluation NASA) AMFKOTE
Durak B vitrifig(') non W2 PFR 5 PFR 6 Di-Sil Vought

vitrifie' II

'A 1.3700C - chauffage

continu 450 112 23 62 38 29 13
Durde A 1.370 0C -cycles de

de 05
vie 0,5h 8 11 1 3 3 2 2

i 1.480 0C -cycles de

2h 250 30 30 2 <2

Rapport des caract. IE 0,9 0,4 0,4 0,9 0,7 0,7 0.9 0,9
mdcaniques en trac- R 0,9 0,5 0,4 0,9 0,7 0.7 0,8 0.9
tion apr~s et avant A 0,8 0,4 F__ , 80 ,8 0,8 0,7
revftement (2)

(1) lh & 1.5400C. (2) Tenir compte du fait que l 4paisseur du metal de base est reduite par
le traitement de rev~tement.

N
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Coatings on stress-relieved TZJ alloy
(Solar evaluation)

Transition temperature Life (hours)
Type 4T bend (OF) at 2600OF

Uncoated -70 -
Chromizing Durak B +45 3-60
Vought I (1 cycle) - 20

Boeing Di Sil 8-30
General Telephone Sn-Al 0 10
Chromalloy W3 +50 6-30
Vought II (Cr-B-Si) +40 4

Coatings on Mo -Influence of pressure

Maximum temperature (OF) for a life of

30 min under an oxygen pressure of
760 torr(') 10 torr I torr 0.1 torr

Di-Sil II 3300 3240 2980 2740
Durak B 3200 3100 2980 2740
PFR 6 3250 3200 2840 2760
Vought II 3000 2960 2950 2950

(1) Air.

4.1.2 Sprayed Metals or Alloys

The disadvantage of this type of coating is that it is difficult to apply to
pieces of complex shape or which have re-entrant angles or sharp corners. In any
case, protection is very poor at more than 2300 0 F.

Composition of spray alloy Protection

(i) Ni72 - Cr15.5 - B3 - Si4.5 - Fe4 - C1 (Colmonoy 6)(1) 500h at 1800°F
(ii) Cr62 - Si35 - A12 - Fel(l) 50h at 2200°P

(iii) As above, but with second coating applied after 400h at 1800°F
vacuum melting of the first coating(l) 250h at 2000°F

(iv) A120 - Si4O - Cr40, followed by Al painting and 150h at 2200°F
(iv) A120 - Si4O - Cr40, followed by Al painting and 300h at 2100OF

diffusion heat treatment - 2h at 2200OF (Climax
Molybdenum Co)

(1) Murex tests (UK).

J
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Revetements sur alliage 7T7 restaurg
(Evaluation Solar)

Type TO transition Durge de vie
("C) en pliage 4T (h) ' 1.4300C

Non rev6tu -55 -

Chromizing Durak B +5 3-60
Vought I (1 cycle) - 20 I
Boeing Di-Sil - 8-30

General Telephone Sn-Al 0 10
Chromalloy W3 +10 6-30
Vought II (Cr-B-Si) +5 4

Rev~tements sur Mo-Influence de la pression

Tempgrature maximum ("C) pour une durde de vie
de 0, 5h sous une pression d'oxyg ne de

760 torr(1) 10 torr I torr 0,1 torr

Di-Sil II 1.800 1.780 1.640 1.500
Durak B 1.750 1.710 1.640 1.500
PFR 6 1.785 1,760 1.560 1.520
Vought II 1.650 1.630 1.625 1.615

(1o Air.

4.1.2 Mitaux ou Alliage Projete's

L' inconvinient de ce type de rev6tement est qu' il est difficilement applicable
aux pitces de forme complexe ou ayant des angles rentrants ou des angles vifs. Par
ailleurs, la protection au del& de 1.2500C est trgs faible.

Composition de l'alliage projete' Protection

(i) Ni72 - Cr15,5 - B3 - Si4,5 - Fe4 - C1 (Colmonoy 6)(1) 500h & 1.0000C
(ii) Cr62 - Si35 - A12 - Fel(1) 50h A 1.200°C
(iii) Comme ci-dessus, une deuxi~me couche dtant appliqude 400h A 1.000°C

aprgs fusion sous vide de la premi6re couche(') 250h h 1.100'C

150h 'a 1.200OC
(iv) A120 - S140 - Cr40 suivie d'une peinture A PAl et 300h a 1.1500C

traitement thermique de diffusion de 2h & 1.200°C

(Climax Mo Cy)

(1) Essais de Murex (UK).

I _1- -- - -
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4.1.3 Electroplating

4.1.3.1 Metals

Cr-Ni-Al based electroplated multiple layer coatings present lives of 300-700 hours
at 20000 F, but the resistance of such coatings falls to 1 hour or less at room
temperatures of 2500OF:

C-Ni ..... 1h

P ........ lh

h .0.5h

4.1.3.2 Metals + Ceramics

The combination of metal + ceramic (aqueous media electroplating followed by
diffusion heat treatment) brings about a remarkable improvement:

American Machine and Foundry: Co + W + ZrO 2

Protection: 500h at 2000OF
2-5h at 2500GF

Value Engineering: Cr + ZrB

Protection: 0.5h at 3900)F (flame test).

Battelle: Pt on barrier coat of Al 03

Protection: 900h at 22000 F.

But in all cases, the plasticity of the coating is greatly reduced.

ARDE: Cr-Ni electroplated - thickness: 125 microns: 300-500h at 2000°F
+ 75 microns surface-sprayed alumina: 1200h at 20000 F.

4.1.4 Miscellaneous

General Telephone and Electronics: alumilide: immersion in molten Al-Sn, followed by
diffusion heat treatment.

First investigations show a protection of dh at 25000 F.

General Electric: liquid phase coating.

Dipping in a Mo powder slurry - sintering at 2560°F - immersion (under argon
atmosphere) in a molten alloy of Au + 2.5Si at 2560°F (1 min). Porous MoSi 2 is formed.

Protection: more than lO00h at 2500°F (liquid phase from 1650°F onwards),.

Advantage: excellent self-healing properties. I
Disadvantages: cause embrittlement of the base metal;

poor resistance (pest) between 1100 and 1800oF.

•II I III ll lll ll l____________I__i
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4.1.3 Electroplacage

4.1.3.1 Mitaux

Les couches multiples & base de Cr-Ni-Al dlectroplaquds ont des durdes de vie de
300 & 700h A 1.1000C. Mais la rdsistance de telles couches tombe A lh ou moins pour
des tempdratures de 1.370'C:

-CrNi ..... lh
Pt ......... lh

.. .........0,5h

4.1.3.2 Mitaux + Cgraaique

La combinaison mdtal + cdramique (dlectroplacage en milieu aqueur, suivi d' un
traitement thermique de diffusion) ambne une awdlioration notable:

American Machine and Foundry: Co + W + ZrO2

Protection: 500h & 1.1000 C
2 A 5h i 1.370°C

Value-Engineering: Cr + ZrB

Protection: 0,5h A 2.1500C (essai i la flamme).

Battelle: Pt sur barri~re d'A1203

Protection: 900h & 1.2000 C.

Cependant, dars tous les cas, la plasticitd du revftement est fortement rdduite.

ARDE: Cr-Ni dlectroplaqud - dpaisseur 125 microns: 300-500h A 1.1000C
+ 75 microns d'alumine proJetds en surface: 1.200h A 1.1000 C.

4.1.4 Divers

General Telephone and Electronics: aluminiure: immersion dans Al-Sn fondu, suivie de
traitement thermique de diffusion.

Les premieres investigations donnent une protection de 8h A 1.370CC.

General Electric: rev6tement & phase liquide.

Trempe dans une bouillie de poudre de Mo - frittage A 1.4000C - immersion (sous argon)
dans un alliage Au + 2,5 Si fondu i 1.4000C (1 min) (il se forme MoSi 2 poreux).

Protection: plus de 1.000h & 1.3700 C (phase liquide i partir de 9000C).

Avantage: excellent auto-rdparateur.

Inconvinients: fragilise le mdtal de base;
manvaise tenue (pest) entre 600 et 1.0000 C.

Ii
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Metals and Controls: platinum

For high temperatures (> 30000 F), attention is again being paid to the use of Pt or
Pt-1ORh plating, obtained by a special cold-rolling process.

LGC2 (Lockheed): plasma-arc spraying of oxide + binder.

In contrast to the silicides, this coating seems more resistant at low pressure than
at high pressure:

at 3000F (life of 2.5h for pressure of 0.07 torr.
(on TZM) Llife of 15 min for pressure of 760 torr.

5. PROTECTIVE COATINGS FOR TUNGSTEN AND
TUNGSTEN ALLOYS

5.1 Types of Coatings

Since the use of tungsten and its alloys is more specifically contemplated for

temperatures of over 2700OF and preferab4y over 36000 P, the coatings used must also
stand up to these high temperatures. The problem here is therefore even more
difficult than for the other refractory metals and developments have so far made
relatively little progress.

The principal solutions in mind are:

coatings of the modified silicide type, on the lines of what has been done for
molybdenum; but silicides have not so far proved capable of protecting tungsten
at temperatures of 3400°F and over, i.e., in the very range where applications
of tungsten are most interesting;

coatings of the ceramic type, on refractory oxide base, with a view to
maximum compactness.

A general picture is given by the following table:

Class Organisation Reference Type

Silicides General Telephone R 507 A modified
and Electronics
American AMFKOTE modified
Machine and Foundry
Chromalloy W2 modified
Chromizing Durak MGF modified
Thompson Ramo - modified by (Ti, Zr, H) Ti-Zr (Si-W) 0

or Ti (Zr-B) (Si-W) 0

(Cont inued)
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Metals and Controls: platine

On envisage i nouveau, pour les hautes tempdratures (> 1.6500C) l'utilisation de
placages de Pt ou Pt-10 Rh, obtenus par un procddd sp~cial de laminage i froid.

LGC2 (Lockheed): projection au plasma-arc d'oxyde + liant.

Contrairement aux siliciures, ce revdteinpnt senbie mieux r~sister Abasse
pression qu' A haute pressiori:

& 1.6500C Jvie de 2,5h pour p = 0,07 torr
(su I~W vie dr, 0,25h pour p =760 torr.

5. REVETEMENTS PROTECTEURS POUR TUNGSTENE

ET ALLIAGES DE TUNGSTENE

5. 1 Types de RevOtements

Etant donng que l'utilisation du tungstkne et de ses alliages est plus spdcialement
envisagde A des tempdratures de plus de 1.5000C, et de prdfdrence 2.0000C, les
revetements protecteurs doivent 4galement rdsister A ces tempdratures dievdes. Le
probl~me est donc ici encore plus difficile que pour les autres m~taux rdfractaires,
et les d~veloppements sont jusqu' A prdsent assez peu avancds.

On envisage principalement:

des rev~tements du type siliciures modifi~s, & 1' image de ce qul a dtd fait
pour le molybd~ne; cependant les siliciures ne s'av~rent pas capables, jusqu'A
prdsent, de protdger le tungat~ne aux temp~ratures de 1.9000 et plus,I temp~ratures oa les applications du tungst~ne sont les plus intdressantes;

des revdtements du type cdramique, A base d' oxydes r~fractaires, en recherchant
la compacitd maximum.

Une vue d'ensenble est donnde par le tableau suivant:

Classe Organisat ion Rep~re Typ e

Siliciures General Telephone R 507 A modif id
and Electronics
American AMFKOTE modifid
Machine sad Foundry
Chromalloy W2 nodifid
Chromizing Durak MOF modifid
Thompson Ramo - (modifid par Ti, Zr, H) Ti-Zr (SlAY) 0

ou Ti (Zr-B) (Si-W)0

(Voir page suivante)
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Class Organisation Reference Type

Metals Pt
New York University Rh
General Telephone Al-Sn
and Electronics IPt-Zr, Pt-Hf

Ni-Zr, Ni-Hf (+ 0)

Ceramic Lockheed Oxides or borides
IIT Zro2 + binder
Value Cr + ZrB
Solar Th0 2

5.1.1 Silicides

R507A (General Telephone and Electronics)

Modified silicide produced by pack cementation (16h at 19000 F) + special overcoat -

final diffusion treatment in air.

Average thickness: 100 microns.

Protection: more than 26h at 3000°F

more than 20h at 3300OF
18-40h at h45 0 0F.

Disadvantage: protection not certain (pest effect) at low temperatures (2200-2500 0 F).

AMFKOTE (American Machine and Foundry) - unspecified modified silicide.

Protection: 10h at 2800 0F.

3-4h at 32000 F.

W2 (Chromalloy): modified silicide (see Mo).

Protection: 60h at 2700°F (on 50/50 W-Mo alloy).

Disadvantage: causes embrittlement of base metal.

Durak MGF (Chromizing): unspecified form of modified silicide.

Has been applied to a tungsten rocket nozzle. The working temperature of the

gases is 5000°F and the metal reaches a temperature of 3600°F on the inside and
3100OF on the outside.

An unprotected piece is unfit for use after an 80-second test. The protected
part showed no damage after two tests of 300 seconds each.
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Classe Organisat ion Repire Type

Mdtaux Pt
New York University Rh
General Telephone Al-Sn
and Electronics

IIT f -Zr, Pt-Hf
IIT_ _Ni-Zr, Ni-Hf (+ 0)

Cdramiques Lockheed Oxydes ou borures
IIT Zr0 2 + liant
Value Cr + ZrB
Solar ThO2

5.1.1 Siliciures

R 507 A (General Telephone and Electronics)

Siliciure modifid rdalisd par pack-cementation (16h A 1.0400 C) + couche de

recouvrement spdciale - traitement final de diffusion dans 1' air.

Epaisseur moyenne: 100 microns.

Protection: plus de 26h A 1.650 0 C
plus de 20h & 1.8000 C

18-40h & 1.9000 C.

Inconvinient: protection non assurde (pest) aux basses temperatures (1.200-1.4000 C).

AMFKOTE (American Machine and Foundry) - siliciure modifid non prdcisd.

Protection, 10h A 1.5400 C.

3-4h A ,760 0 C.

W2 (Chromalloy): siliciure modifid (voir Mo).

Protection: 60h A 1.4700 C (sur alliage W-Mo 50/50).

Inconvinient: fragilisation du mdtal de base.

Durak MGF (Chromizing): siliciure modifid non prdcisd.

A dtd appliqud A un col de fusde en tungst~ne. La tempdrature des gaz en fonctionne-
ment est de 2.800°C et le mdtal atteint une tempdrature de 1.980°C i•1 lintgrieur,
1.700OC A l'extdrieur.

Une Dikce non protdgde est hors d'usage apr~s un essai de 80 secondes. La piece
protdgde n'a pas montrd de dommages apr~s deux essais de 300 secondes chacun.

4;
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Si-Tapco (Thompson Rano)

Silicide modified with Ti, Zr + Hf, produced by pack cementation (NaF carrier -
under vacuum conditions), followed by preoxidation in air or in hydrogen saturated
with water vapour (215h at 22000P).

The complexes Ti-Zr (Si-W) 0 or Ti (Zr-B) (Si-W) 0 are formed, with an
orthosilicate substitution type structure.

Average thickness: 60-75 microns.

Protection: 30h at 3000°F
15h at 3400°F
destruction point about 3700°F (at atmospheric pressure).

Advantages: the "pest oxidation" effect at medium temperatures seems to be
reduced;
good resistance to thermal shock;

resists lh at 3400°F under vacuum of 1 to 0.03 torr.

Disadvantages: the base metal is liable to recrystallize during the coating
operation, with consequent internal brittleness.

ThW coatings on tungsten metal

Life in hours (cycles of lh)
in air at atmospheric pressure

1800- 2500OF 3000oF 3200OF 3500oF 3600OF 3650OF

2200OF

Not
oxidised W-Si pest 22 11 1 - -
Pre-oxidised W (Si-W) 0 pest 38 25 11 - - unusable

W-Ti-Zr (Si-W) 0 pest 36 32 19 1"
W-Ti (Zr-B) (Si-W) 0 pest - 29 18 - -

5.1.2 Metals

Platinum Group

Electrolytic deposits of Pt give a protection of:

20h at 2000°F
5h at 3000°F.

Deposits of Rh have been intensively studied at New York University.

.- .. ....
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Si-Tapco (Thompson Ramo)

Siliciu~e modifid avec Ti, Zr + Hf, rdaliad par pack-cementation (Nap carrier -

sous vide), suivie de prdoxydation dans l' air ou dans l' hydrog~ne saturd de vapeur
d'eau (215h & 1.2000C).

On lorme des complexes Ti-Zr (Si-W) 0 ou Ti (Zr-B) (Si-W) 0, a structure du type
orthosilicate de substitution.

Epaisseur moyenne: 60-75 microns.

Protection: 30h i 1.6500C
15h A 1.8200C
destruction vers 2.0300C (A la pression atmosphdrique).

Avantages.. le phdnom~ne de "pest-oxydation" aux tempgratures moyennes serait
fortement rdduit;Ibonne r~sistande au choc thermique;
rdsiste lb A 1.8700C sous 1 & 0,33 torr.

Inconvinients: le mdtal de base risque de recristalliser pendant l'opdration de
revetement, d'oti fragilisation interne.

Revgtements TRW sur tungst~ne non allief

Durefe de vie (en h) (cycles de 1h)

98- dans L'airbzpression atnzosphe'-ique

* ooc1.3700C 1.6500C 1.7600C 1.9200C 1.9800C12.OOOoC

prdoxydd W-Si pest 22 11 1no
Prdoxydd W(Si-W) 0 pest 38 25 11 - lis-

W-Ti-Zr (Si-W) 0 pest 36 32 19 8 1 blesa

W-Ti (Zr-B) (Si-W) 0 pest - 29 18 - J ____

Groupe du platine

Lea d~p6ts dlectrolytiques de Pt donnent une protection de:

20h A 1.1000C
5h A 1.650'C.

Lea ddp6ta de Rh ont 4ftd intensivement 4tudids 'a New York University.
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Aluminide (General Telephone and Electronics)

Immersion in molten Al-Sn or in a slurry of Al-Sn followed by diffusion heat
treatment.

Protection: more than 8h at 25000F.

Disadvantage: intergranular attack of the base metal.

Armour Research Foundation (IIT)

Application of powdered alloys Pt-Zr, Pt-Hf, Ni-Zr or Ni-Hf. Diffusion treatment
to form TZr or Wf. Preoxidation to form Zr0 2 or Hf 02

Appears to be effective up to 35000?.

5.1.3 Ceramics

LGC2 (Lockheed)

Plasma arc spraying with oxides (ThO2 , HfO2. ZrO2, BeO) or borides (HfB2 ). (ThB 4 ) +

binder with low melting point.

Disadvantages:

- very brittle;
- poor resistance to thermal shock;
- difficulty of protecting corners;
- performances so far very limited (rapid deterioration of oxides by

cracking and of borides by oxidation).

University of Illinois (IIT)

Vitreous type ceramic coating: ZrO 2 bound with a glass, low temperature type.

Protection: 10h at 30000°.

Disadvantage: very brittle.

5.2 Miscellaneous

Metal + ceramic

Value Engineering operates an electrolytic deposit in aqueous environment:

Cr + ZrB, followed by diffusion heat treatment.

Protection: 30 min at 39000? (flame test).
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Aluminiure (General Telephone and Electronics)

Immersion dans Al-Sn fondu, ou dans une bouillie d'Al-Sn + traitement thermique de
diffusion.

Protection: plus de 8h & 1.3700 C.

Inconvinient: attaque intergranulaire du mdtal de base.

Armour Research Foundation (lIT)

Application de poudres d' alliages Pt-Zr, Pt-Hf, Ni-Zr ou Ni-Hf. Traitement de
diffusion pour former W2Zr ou W2Hf. Prdoxydation pour former Zro 2 ou HfO 2

Serait efficace jusqu'i 1.9500 C.

5.1.3 Ce'ramiques

LGC2 (Lockheed)

Projection au plasma-arc d' oxydes (Th0 2 - Hf0 2 - ZrO2 - BeO) ou de borures

(HfB 2 - ThB4) + liant A basse temp4rature de fusion.

Inconv~nients*

- tr~s fragile;
- pen r4sistant au choc thermique;
- difficult4 de protdger les angles;
- performances jusqu' ici tr~s limitdes (ddt4rioration rapide des oxydes

par criques, des borures par oxydation).

University of Illinois (IIT)

Rev6tement cdramique type vitreux: ZrO2 lid avec un verre, type haute tempdrature.

Protection: 10h A 1.6500 C. i

Inconvenient: tr~s fragile.

5.2 Divers

Mdtal + cdramique

Value Engineering oplre un d4p6t dlectrolytique en milieu aqueux de Cr + ZrB, suivi

d'un traitement thermique de diffusion.

Protection: 0,5h A 2.1500C (essai & la flamme).3
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6. SUMMARY OF PERFORMANCE OF COATED REFRACTORY METALS

6.1 Summary of Mean Performances

The following table gives a comparative summary of the mean performances of the

various coatings for the four refractory metals:

Mean performances of coatings in still air
at atmospheric pressure

(Laboratory tests)

Temperature Life (hours)
(OF) Nb Ta Mo W

1800 300 - 1500 - 1000
2000 100 - 1100 - 500 - 1500 -

2200 30 - 500 - 150 - 1000 -

2400 10 - 200 100 - 500 40 - 500 -

2600 4 - 50 50 - 150 10 - 300 -

2700 1 - 50 30 - 100 3 - 100 40 - 60

2900 0.4- 4 10- 20 1 - 7 20- 40
3100 0- 1 2- 4 0.2 - 2 10- 30

3300 - 0- 0.1 0 - 0.5 5 - 20
3500 - - 0.2 10
3700 .

3900 -

4000 - (0.7) (0.5)

The above figures are only indicative, testing conditions more in keeping with the
required service (air blast - blowpipe - plasma - low pressures - cyclic - thermal
shock - strain before or during test, etc.) may shorten the life of the coating to a
greater or lesser extent.

The following curve (Fig. 7) gives a general idea of the present limits of
protective coatings on refractory alloys.

6.2 Current Maximum Performances

See Figure 7.
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3i. PERFORMANCES DES METAUX REFRACTAIRES AVEC REVETEMENTS

6.1 1-imites; des Dur6es de Vie

Le~tableau ci-apr~s prdsente un rdsumd comparatif des performances moyennes des
diff~rents rev~tements pour les quatre mdtaux r~fractaires:

Performances moyennes des rev~tements dans ['air calme
& la press ion atmosphirique

(Essais de laboratoire)

Tempirature Dure'e de vie (h)
'O) bTa Mo W

1.C:0300 - 1.500 -1.000-

1.10100 - 1.100 -500 - 1.500-

1.200 30 - 500 -150 - 1.000
1.300 10 - 200 100 - 500 40 - 500
1.400 4 -50 50 -150 10 -300

1.500 1 -50 30 -100 3 -100 40 -60

1.600 0,4 -4 10 -20 1 -7 20 -40
1.700 0 -1 2 -4 0,2 -2 10 -30

1.800 - 0 - 011 0 - 0,5 5 -20
1.900 - -- 0,2-10
2.000 - - -

2.100 - - -

2.200 - -(0,7) (0,5)

Les donndes ci-dessus n'ont qu'une valeur indicative, les conditions d'essais en
relation avec le service ddsir4 (air souffid - chalumeau - plasma - faibles pressions-
cyclages - chocs thermiques - dlongation avant ou pendant 1' essai, etc., pouvant
rdduire plus ou momns fortement la durde de vie.

La courbe ci-aprbs (Fig.7) donne une idde g~ndrale des limites actuelles des

revfteinents protecteurs sur alliages r~fractaires.

6.2 Performances Maximum Actuelles

Voir Figure 7.
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Coating life
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Fig.7 Maximum performances of to-day's protective coatings (estimated)
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Vie en heures

10-1

00-

1000 1500 2000 TJ
Pig.7 Performances maximum actuelles



277

BIBLIOGRAPHIE SUCCINCTE

SELECTED BIBLIOGRAPHY

SECTION I

METAUX ET ALLIAGES REFRACTAIRES DANS LEUR ENSEMBLE

REFRACTORY METALS AND ALLOYS IN GENERAL

1.1 Ouvrages
Books

Clough, W.R. Reactive Metals. Vol.2, AIME, Interscience Publishers,S~1960.

Semchyshen, M. Refractory Metals and Alloys. Vol.11, AIME, Metallurgical

Society Conferences, Detroit, 1960. Interscience
Publishers, 1961.

Semchyshen, M. Refractory Metals and Alloys-II. Vol.17, AIME
Conference, Chicago, April 1962. Interscience
Publishers, 1963.

Jaffee, R.I. Refractory Metals and Alloys-III. AIME Conference,
Los Angeles, Dec.1963. Gordon and Breach, 1964.

Mash, D.R. Materials Science and Technology for Advanced
Applications. ASM Publication, Sept.1962.

Hehemann, R.F. High Temperature Materials. AIME Metallurgical Society
Conferences, Cleveland, 1957, Interscience
Publishers, 1959.

Ault, G.M. High Temperature Materials If. Vol.18, AIME Metallurgical i
Society Conferences, Cleveland, April 1961. Interscience
Publishers, 1963.

Promisel, N.E. The Science and Technology of Tungsten, Tantalum,
Molybdenum, Niobium and Their Alloys. Proceedings of
the Agard Conference, Oslo, June 1963. Pergamon, 1964.

Fountain, R.W. High Temperature Refractory Metals. AIME Annual
Meeting, New York, Feb.1964. Gordon and Breach, 1964.

I
-. ~..,-.---.-.. ~ ., .--. --. __________



278

1.2 Publications Gnirales
General Papers

Harwood, J.J. Approaches to the Problem of High Temperature. p.223,
Promisel, N.E. Proceedings, Third Plansee Seminar, Metallwerk Plansee,

Reutte, Tirol, June 1958.

Jaffee, R.I. A Brief Review of Refractory Metals. DMIC Memo No.40,
3 Dec. 1959.

Promisel, N.E. Refractory Materials Development and its Dependence on
Basic Research. Advance in Materials Research in the

NATO, Agardograph 62, Pergamon, 1963.

Promisel, N.E. Why Refractory Metals? p.3, Proceedings of the Agard
Conference, Oslo, June 1963, Pergamon, 1964.

Promisel, N.E. Refractory Metals in Defence. Oslo, Metal Industry,
p.92, 18 July 1963.

Cooper, T.D. Refractory Metals and Their Protection. Aerospace
Engineering, p.46, Jan. 1963.

Palme, R. Hochschmelzende Metalle - Werkstoffe der Modernen
Technik. Metall, Vol.18, p.697, July 1964.

Weisert, E.D. The Present Status of Refractory Metals and Alloys.
ASM Engineering Quarterly, Vol.2, No.1, p.3, 1962.

Jaffee, R.I. Refractory Metals - Current Situation and Probable
Future. Battelle Technical Review, Vol.11, No.5,
P.11, May 1962.,

Peckner, D. Refractory Metals Round Up. Materials in Design
Engineering, p. 13, October 1962.

1.3 Diagramnes D'Equilibre
Phase Diagrams

English. J.J. Binary and Ternary Phase Diagrams, of Columbium,
Tantalum, Molybdenum, Tungsten. DMIC Report 152,
28 April 1961, DMIC Report 183, 7 Feb. 1963.

Rostoker, W. Phase Equilibria in Refractory Metals. AIME Conferences,
Vol.11, p.3, 1961.

Yao, Y.L. A Survey of Intermediate Phases in Transition Metal
Alloys. Trans. AIME, Vol.224, p.1146, Dec. 1962.

e ,.



279

1.4 Couples de Diffusion
Diffusion Couples

Rapperport, E.J. Diffusion in Refractory Metals. AIME Refractory
Metals Symposium, April 1962, Chicago, Progress
Report NMI9412. AIME Metallurgical Society Conferences,

Vol.17, p.191, 1963.

1.5 Effet des Impuretds
Impurity Effects

Hull, D. The Interaction of Interstitial Solute and Substructure
in Refractory Metals. AGARD Refractory Metals Symposium,
Oslo, June 1963. Proceedings of the AGARD Conference,
p.95, Pergamon, 1964.

Smith, A.J. The Effect of Trace Elements on Mechanical Properties
Northcott, L. of Refractory Metals. Agard Refractory Metals

Symposium, Oslo, June 1963. Proceedings of the Agard
Conference, p.175, Pergamon, 1964.

1.6 MNtallurgie Physique
Physical Metallurgy

Schwartzberg, F.R. Ductile-Brittle Transition in the Refractory Met-.ls.
DMIC Report 114, 25 June 1959.

Seigle, L.L. Effect of Mechanical and Structural Variables on the
Ductile-Brittle Transition of Refractory Metals.

AIME, Refractory Metals Symposium, April 1962, Chicago.
Gen. Teleph. TR 62-475-2. 1 June, 1962. AIME Metallurgical
Society Conferences, Vol.17, p.65, 1963.

Imgram, A.G. Notch Sensitivity of Refractory Metals. WADD TR-60-278,
April 1960. TAIME, Vol.221, No.3, p.517, June 1961.
ASD TR 61-474, Jan.1962.

Hahn, R. Effects of Solutes on Ductile-Brittle Transition in
Jaffee, R.I. Refractory Metals. DMIC Memo 155, 28 June 1962. AIME

Metallurgy Study Conferences, Vol.17, p.23, 1963.

Imgram, A.G. Strain Aging of Refractory Metals. DMIC Report 134,
August 1960.

Imgram, A.G. The Effect of Fabrication History and Microstructure
on the Mechanical Properties of Refractory Metals and
Alloys. DMIC Rep.186, 10 July,"1963.

Lement, B.S. Substructure and Mechanical Properties of Re'fractory
Metals. ASD TR 61-181 (Part III), 5 April, 1963.



280

1.7 Alliages
Al loys

Chang, W.M. Strengthening of Refractory Metals. AIME Conferences,
Voi. 11, p.83, 1961.

Bechtold, J.M. Mechanism of Alloy Strengthening in Refractory Metals.
Armstrong, M.M. Refractory Metals Symposium, AIME, Chicago, April 1962.

AIME Metallurgical Society Conference, Vol. 17, p. 159, 1963.

Massachusetts Institute Investigation of the Strengthening Mechanisms of
of Technology Dispersion-Strengthened Alloys. ASD-TDR 62-734,

Nov. 1962.

McQuillan, A.D. The Electronic Structure and Alloying Characteristics
of the Early Transition Metals. AGARD Refractory
Metals Symposium, Oslo, June 1963, Proceedings of the
Agard Conference, p.51, Pergamon, 1964.

Seigle, L.L. Structural Considerations in Developing Refractory
Metal Alloys. Agard Refractory Metals Symposium, Oslo,
June 1963. Proceedings of the Agard Conference, p.63,
Pergamon, 1964.

Michael, A.B. The Trend and Status of Development of Refractory
Metal Alloys. Agard Refractory Metals Symposium, Oslo,
June 1963. Proceedings of the Agard Conference, p.111.
Pergamon, 1964.

Jaffee, k.I. Structural Considerations in Developing Refractory
Metal Alloys. (Columbium, Molybdenum, Tungsten).
DMIC TR 182, 31 Jan. 1963.

1.8 Consolidation par Mitallurgie des Poudres
Consolidation by Powder Metallurgy

Wong, J. Consoidai-ion of Refractory Metals. AIME Refractory
Metals Symposium, Chicago, April 1962. AIME Metallurgical
Society Conferences, Vol.17, p.351, 1963.

Wong, J. Consolidation of Refractory Metals. AGARD Refractory
Metals Symposium, Oslo, June 1963. Proceedings of the
Agard Conference, p.465, Pergamon, 1964.

Barrett, C.A. Powder Metallurgy in Aerospace Applications. Journal
of Metals, Vol.15, p.349, May 1963.

;r i

a



281

1.9 Consolidation Par Fusion
Consolidation by Melting

Aschoff, W.A. Current Melting Practices for Refractory Metals. AIME
Metallurgical Society Conferences, Vol.18, p.515, 1963.

Torti, M.L. Arc Melting Procedures for Refractory Metals.
Transactions of Vacuum Metallurgy Conference, Bunshah,
New York University Press, p.1, 1959.

Johnson, A.A. Melting and Casting of the Refractory Metals., DMIC
Report 139, November 1960.

McCullough, R.J. Plasmarc Furnace for Melting Metals. Journal of Metals,
Vol.14, No.12, p.907, 1962.

Aschoff, W.A. Electron-Beam Applications to Refractory Metals.
Journal of Metals, Vol.14, No.3, p.204. 1962.

Geach, G.A. Zone Melting of Refractory Metals. Journal of LessCommon Metals, Vol. 1, p.56, Feb. 1959.

1.10 Fabrication
Fabrication

Nemy, A.S. Primary Working of Refractory Metals. AGARD Refractory
Metals Symposium, Oslo, June 1963. Proceedings of the
Agard Conference, p.485, Pergamon 1964.

Holden, P.C. US Government Metalworking Processes and Equipment
Program. DMIC Report 201, 18 March 1964.

Kearns, T.F. MPEP - The Metalworking Processes and Equipment
Program. ASM Engineering Quarterly, Vol.4, No.2,

: e.e1, May 1964.

Nemy, A.S. Forging of the Refractory Metals. AIME MetallurgicalSociety Conferences, Vo1.18, p. 561, 1963.

Perlmutter, I. Extruding Refractory Metals. Metal Progress, Vol.84,
No.5, p.90, Nov. 1963.

Duletski, P.S. Extrusion of High Temperatures Materials. AIME
Metallurgical Society Conferences, Vol.18, p.545, 1963.
ASD-TR 61-322, July 1961.

Darby, P.S. Flat Rolling of Refractory Metals. Agard Refractory
Metals Symposium, Oslo, June 1963. Proceedings of the
Agard Conference, p.477, Pergamon 1964.

_ _

T-



282

Mueller, M.H. IN-FAB Processing and Fabrication of Space Materials.
Proceedings, Fifth Plansee Seminar, Metallwerk Plansee,
Reutte, Tirol, June 1964.

Coutsouradis, D. Evaluation of Test Methods for Refractory Metals.
Agard Refractory Metals Symposium, Oslo, June 1963.
Proceedings of the Agard Conference, p.421, Pergamon
1964.

1.11 Caract~ristiques M~caniques
Mechanical Properties

Brookes, C.A. Ijhnsile Properties of Refractory Metals at High
Temperature, (up to 2200 0 C) Proceedings, Fourth
Plansee Seminar, Metallwerk Plansee, Reutte, Tirol,
p.712, June 1961.

Waldron, M.B. The Behaviour of Refrac'ory Metals in Radiation
Environments. Proceedings, Fifth Plansee Seminar,

Metallwerk Plansee, Reutte, Tirol, June 1964.

1.12 Comportement dars les Gaz

Behaviour in Gaseous Media

Kubaschewski, 0. Oxidation of Metals and Alloys. 2nd Edition,
Butterworth, London, 1962.

Semmel, J.W. Oxidation Behaviour of Refractory Metals and Alloys.

AIME Conference, Vol.11, p.119, 1961.

Speiser, R. Fundamentals of Refractory Metal-Gaseous Environment
Interaction. AGARD Refractory Metals Symposium, Oslo,
June 1963. Proceedings of the Agard Conference, p.289,
Pergamon 1964.

1.13 Soudage
Joining

Platte, W.N. Joining of Refractory Metals. AIME Refractory Metals
Symposium, Chicago, April 1962. AIME Metallurgical
Society Conferences, Vol.17, p.307, 1963.

Platte, W.N. Designing a Weldabl.'. Alloy Using Metallurgical
Parameters. Metal Progress, Vol.80, No.3, p.80,
Sept. 1961.

Schwartzbart, H. Welding of Refractory Metals. AIME Metallurgical Society
Conferences, Vol.18, p.583, 1963.

Metcalfe, A.G. Joining of Refractory Metals. AGARD Refractory Metals
Symposium, Oslo, June 1963. Proceedinks of the Agard
Conference, p.557, Pergamon 1964.



283

Bakish, R. Metals Joining in the Space Age by Electron-Beam.
Journal of Metals, Vol.16, p.238, March 1964.

Schwartzbart, H. Some Recent Developments in Brazing. ASM Engineering
Ouarterly, Vol.3, No.1, p.52, Feb. 1963.

Scott, R.L. 7T'he Welding and Brazing of Refractory Metals - a Review.
Journal of Less Common Metals, Vol.5, p.205, No.3,
June 1963.

Hodge, E.S. Gas Pressure Bonding of Refractory Metals. ASM
Engineering Quarterly, Vol.1, No.4, p.1, 1961.

Bahun, C.J. Metals Joining in the Space Age by Lasers. Journal of
Metals, Vol.16, p.242, March 1964.

Nippes, E. Metals Joining in the Swace Age by Ultrasonics.
Journal of Metals, Vol.16, p.244, March 1964.

1.14 Rdsistance 4 la Corrosion
Corrosion Resistance

Amateau, M.F. The Effect of Molten Alkali Metals at High Temperature.
DMIC Report 169, 28 May 1962.

Di Stefano, J.R. Corrosion Mechanisms in Refractory Metal - Alkali Metal
Systems. Agard Refractory Metals Symposium, Oslo,
June 1963. Proceedings of the Agard Conference, p.257,
Pergamon 1964. ORNL, 3424, TID 4500, 16 Sept. 1963.

S1.15 Applications
15Applications

Czarnecki, E.G. Refractory Metals Applications for Air and Space
Vehicles. AIME Conferences, Vol.11, p.553, 1961.

Jaffee, R.I. Applications of Refractory Metals. Journal of Metals,

Vol.16, p.410, May 1964.

Ault, N.N. Requirements for High Temperature Materials for Space
Vehicles. AIME Metallurgical Society Conferences, Vol.18,
p.37, 1963.

1.16 Analyse
Chemical Analysis

Mallett, M.W. The Determination of Inter:titials in Refractory Metals.
Talanta, Vol.9, No.2, p.133, 1962.

Mallett, M.W. Determination of Gases in Metals. Wiley, New York, 1963.



284

Gillieson, A.H. Spectrographic and Newer Methods of Impurity Analysis
in Refractory Metals. Agard Refractory Metals
Symposium, Oslo, June 1963. Proceedings of the Agard
Conference, p.381, Pergamon 1964.

Sperner, F. Die Bestimmung Kleiner Gasgchalte in Metallen.
Metall. Vol.18, Ip.701, July 1964.

1.17 Usinage
Machining

Olofson, C.T. Machining of Sueriltloys and Refractory Metals. DMIC
Memo 134, 27 Oct. 1961.

Faust, C.L. Electrochemical Machining of Hetals. Transactions of
the Institute of Metal Finishiug, Vol.41, Part I, p.1,
Spring 1964.

Anon Pickling and Descaling Refractory and Special Metals. i
Data Sheet, Metal Progress, p.106, July 1963.

SECTION 2

NIOBIUM ET ALLIAGES DE NIOBIUM

NIOBIUM AND NIOBIUM BASE ALLOYS *

2.1 Ouvrages et Articles d'Ensemble
Books and General Papers

Douglass, R.M. Columbium Metallurgy. AIME Metallurgical Society
Conferences. No.10, Bolton Press, 1960.

Miller, G.L. Metallurgy of the Rarer Metals Tantalum and Niobium.
Vol.6, Butterworth, London, 1959.

Sisco, F.T. Columbium and Tantalum. Wiley, New York, 1963.

Kuffer, R. Vanadin, Niob, Tantal. Springer, 1963.
Braun, H.

Bartlett, E.S. Columbium, Current Status. DMIC Memo, No.183, p.10,
31 Oct. 1963.

2.2 Consolidation et Fabrication
Consolidation and Fabrication

Klopp, W.D. Vacuum Reactions of Niobium During Sintering, in
Technology of Columbium, p.106, Wiley, New York, 1958.

Leber, S. Homogeneization Kinetics of a Sintered Columbium Alloy.
(F48). TAIME, Vol.230, No.1, p.100, Feb. 1964.

• n ---- --n-m-----



285

Nemy, A.S. Extrusion Development for Tungsten, Tantalum and
Columbium Alloys. AIME Metallurgical Society Conferences,
Vol.18, p.669, 1963.

2.3 Proprites Physiques
Physical Properties

Bartlett, E.S. Physical and Mechanical Properties of Columbium and

Columbium Base Alloys. DMIC Report 125, 22 Feb. 1960.

Fox, D.K. New Data on Superconducting Alloys. Materials in
Design Engineering, p.92, April 1963.

2.4 Caractfristiques M4canJques du Niobium non Alli6
Mechanical Properties of Niobium Metal

Sims, C.T. A Columbium Primer. (Tensile Properties at 1000°C,
Stress-Rupture Strength at 880-11200 C). Journal of
Metals, p.340, May 1958.

De Pierre, V. The Effect of Interstitial and Substitional Alloying
Elements on the Ductility of Columbium. AFML, ITR,

No.1, Sept. 1963.

2.5 Alliages de Niobium
Niobium Alloys

Briggs, D.C. A Survey of Niobium Alloys and Their Strengthening
Mechanisms. Canada Department of Mines, Physical-
Metallurgy Division, IC 153, July 1963.

Schmidt, F.F. The Engineering Properties of Columbium and Columbium
Alloys. DMIC Report 188, 6 Sept. 1963.

Jahnke, L.P. Review of the Status and Future of Molybdenum and
Golumbium Alloys. AIME Metallurgical Society Conferences,

No.18, p.283, 1963.

Bartlett, E.S. High Temperature Solid-Solution Strengthened Columbium
Jaffee, R.I. Alloys. TAIME Vol.227, No.2, p.459, April 1963.

Lenel, F.V. The Strengthening of Columbium and Columbium Alloys
Regitz, L.V. by Interstitial Alloying Elements. Rensselaer

Polytechnic Institute, Rep. AROD 2530-1, 11 May 1962.

Bartlett, E.S. Creep of Columbium Alloys. DMIC Memo 170, 24 June 1963.

Torgerson, R.T. Development and Evaluation of C129Y Columbium Alloy.

Boeing Report No.D2, 20282-1, March 1964.



II
286

Imgram, A.G. Process Development and Evaluation of Properties of F48
Niobium Alloy. USAEC Report BMI-X-249, July 1963.S!

Torgerson, R.T. Evaluation of D43 Columbium Alloy. Boeing Report No.D2-

20275-1, 7 Feb. 1964.

Baggerly, R.G. Evaluation of FS85 Columbiam Alloy. Boeing Report No.D2-

20239-1, 28 Jan. 1964.

Baggerly, R.G. Evaluation of Cb752 Columbium Alloy. Boeing Document
D2-35.105, 28 March 1963.

Anon B66 Columbium Base Alloy. Special Technical Data 52-364,
Westinghouse, June 1962.

De Mastry, J.A. !Jigh Temperature Niobium Alloys for Na - Cooled
Reactors. Battelle Memorial Institute 1.513, 14 April
1961.

De Mastry, J.A. Development of Niobium Base Alloys for Use in a Nuclear
Superheater. BMI 1636, 27 June 1963, and BMI-X-10.040,

1 April 1963 (Euraec-626).

Klopp, W.D. Effect of Alloying on the Kinetics of Oxidation of

Jaffee, R.I. Niobium. Atomic Energy Conference, Geneva, Sept. 1958,

No.712, Proceedings, Vol.6, p.293.

Smith, R. The Development of Oxidation Resistant Niobium Alloys.
Journal of Less Common Metals, Vol.2, No.1, p.191, 1960.

2.6 Soudage

Joining

Albom, M.J. Welding and Brazing of Tantalum and Columbium. Metal
Progress, Vol.83, p.82, April 1963.

Gerken, J.V,. Investigation of Welding of Commercial Columbium Alloys.
ASD-TR 62-292, 15 Jan. 1962, (TAPCO).

Fullerton, T.L. Investigation of Weldability of Additional Columbium
Alloys. TRW Report ER-5294, 15 April 1963.

Kammer, P.A. Weldability Studies of 3 Commercial Columbium Base
Alloys. (B66-FS85-C129). DMIC Memo 169, 17 June 1963.

Young, W.J. Alloy Systems for Brazing Columbium and Tungsten.
ASD TR 61-592, Jan. 1962.

Platte, W.N. Welding Columbium and Columbium Alloys. Welding Journal,I Vol.42, p.69, Feb. 1963.
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Gerken, J.M. Welding Characteristics of Commercial Columbium Alloys.
Welding Journal, Vol.42, p.84, Feb.1963.

Gerken, J.M. Investigation of Weldability of Additional Columbium
Alloys. ASD-TDR 63-843, Oct. 1963.

Lessmann, G.G. Welding Evaluation of Experimental Columbium Alloys.
(B33-B55-B66-B77). Welding Journal, Vol.43, p.103,
March 1964.

Fox, C.W. Development of Alloys for Brazing Columbium. Welding
Journal, Vol.42, p.535, Dec. 1963.

2.7 Comportement Dars les Gaz
Behaviour in Gaseous Media

Ong, J.N. Kinetics of Oxidation of Columbium and Other Refractory
Metals. Corrosion, Vol.18, p.382, Oct. 1962.

Argent, B.B. The Oxidation of Niobium. Journal of the Institute of
Phelps, B. Metals, Vol.88, p.301, March 1960.

2.8 R•sistance k la Corrosion
Corrosion Resistance

MacLeary, D.L. Testing of Columbium and Columbium Alloys. Corrosion,
Vol.18, No.2, p.67, 1962.

SECTION 3

TANTALE ET ALLIAGES DE TANTALE

TANTALUM AND TANTALUM BASE ALLOYS

3. 1 Ouvrage et Articles d' Ensemble

Books and General Papers

Miller, G.L. Metallurgy of the Rarer Metals • Tantalum and Niobium.
Vol.6, Butterworth, London, 1959.

Sisco, F.T. Columbium and Tantalum. Wiley, New York, 1963.

Kieffer, R. Vanadin, Niob, Tantal. Springer, 1963.
Braun, H.

Schmidt, F.F. Tantalum and Tantalum Alloys. DMIC 7R 133, 25 July 1960.

Schmidt, P.F. Tantalum - Current Status. DMIC Memo 183, p.29,
31 Oct. 1963.
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3.2 Consolidation et Fabrication
Consolidation and fabrication

Klopp, W.D. Purification Reactions of Tantalum During Sintering.
TAIME, Vol.218, p.971, December 1960.

Tougarinoff, B. Aspects Pratiques de la Fusion du Tantale par Bombardement
Electronique. Le Vide, No.96, p.327, Nov. 1961.

Nemy, A.S. Extrusion Development for Tungsten, Tantalum and
Columbium Alloys. AIME Metallurgical Society Conferences,
Vol.18, p.669, 1963.

3.3 Propriete's Physiques

Physical Properties

Ogden, H.R. Phyrical and Mechanical Properties of Tantalum. DMIC
Memo No.32, 28 August 1959.

3.4 Caract6ristiques Mecaniques du Tantale non Allie
Mechanical Properties of Tantalum Metal

Pugh, J.W. Refractory Metals. Journal of Metals. p.335, May 1958.

Abowitz, G. Vie Mechanical Properties of Tantalum with Special

Reference to the Ductile-Brittle Transition. ASD-TR
61-203, Part III, May 1963.

Armstrong, H.H. Low-Temperature Tensile Properties of Some Refractory
Metals (Tantalum). Canadian Mining and Metallurgy
Bulletin, p.305, July 1961.

3.5 Alliages de Tantale
Tantalum Alloys

Ogden, H.R. A Metal for Service at Both Cryogenic and High
Temperature. Metal Progress, Vol.80, No.5, p.97,
Nov. 1961.

Schmidt, P.F. The Engineering Properties of Tantalum and Tantalum
Alloys. DMIC Report 189, 13 Sept. 1963.

Feild, A.L. Fabrication and Properties of Tantalum-Base Alloys,

AIME Metallurgical Society Conferences, Vol.18, p.139,
1963.

Schmidt, F.P. Tantalum Alloys, Some High and Low-Temperature
Properties. TAIME, Vol.227, p.856, Aug.1963.

Hallowell, J.B. Final Report on Tantalum Alloy Processing Development.
(Tantalum-Tungsten-Molybdenum). BMI Report MI-TDR-
64-63, March 1964.
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Kieffer, R. Niob-Tantal Tridnkleigierungen. Metall, p.669, July 1963.

Torti, M.L. Mechanical Properties and Fabrication Techniques for the
Ta-lOW Alloy. AIME Metallurgical Society Conferences,
Vol. 18, p. 161, 1963.

Anon M9GS, Stable Grain Size Ta-lOW Alloy. Metal Industry,
p.91, 16 July 1961.

Ogdon, H.R. Scale-Up Development of Tantalum Base Alloys. ASD TR
61-684, March 1962.

Maykuth, D.J. Pilot Production of Ta 30Cb 7.5V and Ta 101ff 5W Sheet.
Ogdon, H.R. Journal of Metals, Vol.16, p.180 Feb. 1964.

Anon New Tantalum Alloy: GE 473. (2.5Re - 8W), Metal
Progress, p.8, Jan. 1964.

Klopp, W.D. Effects of Alloying on the Oxidation Behaviour of
Tantalum. ASM Preprint 221, 1960. Transactions
ASM 53, p.637, 1961.

3.6 Soudage
Joining

Albom, M.J. Welding and Brazing of Tantalum and Columbium. Metal
Progress, Vol.83, p.82, April 1963.

I 3.7 Comportement Dans les Gaz
Behaviour in Gaseous Media

Albrecht, W.M. Reactions of Pure Tantalum with Air, Oxygen, Nitrogen.
TAIME, Vol.221, p.110, February 1961.

Richards, D.T. Oxidation Kinetics of Tantalum in 092 (700-950 0C).
TAIME, Vol.230, P.33, Feb. 1964.

3.8 Resistance 'a la Corrosion
Corrosion Resistance

Hampel, C.A. Corrosion Resistance of Titanium, Zirconium, Tantalum,
Corrosion. Vol.17, No.10, p.9, 1961.

3.9 Films d' Oxyde
Oxide Films

Smyth, D.M. Heat-Treatment of Anodic Oxide Films on Ta. Journal of
the Electro-Chemical Society. Vol.110, p.1264, Dec. 1963.
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SECTION 4

MOLYBDENE ET ALLIAGES DE MOLYBDENE

MOLYBDENUM AND MOLYBDENUM BASE ALLOYS

4. 1 Ouvrages et Articles d' Ensemble
Books and General Papers

Northcott, L. Metallurgy of the Rarer Metals, No.5, Molybdenum.
Butterworth, London, 1956.

Harwood, J.J. Some Aspects of the Technology of Molybdenum and its
Allo ys. Proceedings, Plansee Seminar, p. 268, Metallwerk
Plansee, Reutte, Tirol, 1956.

Harwood, J.J. The Metal Molybdenum. Proceedings of A Symposium
Sponsored by the US Office of Naval Research, September

1956. ASM Publication, 1958.

4.2 Consolidation et Fabrication
Consolidation and Fabrication

Scott, R.L. Consolidation of Molybdenum by Powder Metallurgy. In
The Metal Molybdenum. p.51, ASM Publication 1958.

Kieffer, R. Sintered and Arc Melted Alloys. In The Metal Molybdenum.
p.530, ASM Publication, 1958.

Hardy, G.F. Centrifugal Casting of Tungsten and Molybdenum Alloys.
Metal Progress, Vol.82, No.2, p.72, Aug. 1962.

ASM Fabrication of Molybdenum. ASM Publication, 1959.

Warga, J.J. Producing Ductile Molybdenum Forgings. Metal Progress,
p.109, Sept. 1963.

Reimaun, A.L. The Extrusion, Forging, Rolling and Evaluation of
Refractory Alloys. ASD-TDR 62-670, Part III, Dec. 1963.

Cortes, P.R. Determination of the Effect of Processing Refractory
Metals Under Vacuum. (TZM). ASD-TDR 62-618, Feb. 1963.

Semchyshen, M. Extrusion and Mechanical Properties of Some Molybdenum
and Tungsten Base Alloys. WADD TR 61-193, June 1961. AIME

Metallurgical Society Conferences, Vol.18, p.599, 1963.

4.3 Proprietes Physiques
Physical Properties

Douglass, R.M. Physical and Mechanical Properties of Molybdenum and
Mo-O.5 Ti. DMIC Memo 14, April 1959.
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Houck, J.A. Physical and Mechanical Properties of Commercial

Molybdenum Alloys. DMIC Report 140, November 1960.

4.4 Caracteristiques Mdcaniques do Molybdene non Allie
Mechanical Properties of Molybdenum Metal

Hegedus, A.K. How Strong is Molybdenum Sheet? Metal Progress, Vol.85,
p.115, May 1964.

Shaheen, L.C. How Ductile is ".qybdenum Tubing? Metal Progress,
Vol.85, p. 112, May 1964.

Bechtold, J.H. The Ductile to Brittle Transition in Molybdenum. In The
Metal Molybdenum, ASM Publication, 1958.

Weinstein, D. Strain Rate and Temperature Depender.ce on the Ductile-
Brittle Transition in Molybdenum. WADC TN 59-2, 1959.

Galli, J.R. The Effect of Hydrostatic Pressure on the Ductile-
Brittle Transition in Molybdemum. Acta Metallurgica,
Vol.12, p.775, July 1964.

Nachtigall, E. Recrystallization of Molybdenum and Tungsten.
Proceedings, Plansee Seminar, p.313, Metallwerk Plansee,

Reutte, Tirol, 1955.

Mittenbergs, A.A. Fatigue Properties of Molybdenum. WADD TR 60-427,
October 1960. ASTM Preprint No.73, 1961.

4.5 Alliages de Molybde'ne
Molybdenum Alloys

Sohmidt, .F. 4e Engineering Properties of Molybdenum and Molybdenum
Ogden, H.R. Alloys. DMIC Report 190, 20 Sept. 1963.

Jaffee, R.I. Powder Metallurgy Molybdenum, Base Alloys. In The
M,,etal Molybdenum, p.330, ASM Publication, 1958.

Jahnke, L.P. Review of the Status and Future of Molybdenum and
Columbium Alloys. AIME Metallurgical Society Conferences,
Vol.18, p.283, 1963.

Ripling, E.J. The Use of Strain Softening to Improve the Properties
of Refractory Metals. Report from MRL to Buweps
(Contract NOw 60-0725-c) Nov. 1963.

Chang, W.H. The Effect of Heat-Treatment on Strength Properties
of Molybdenum-Base Alloys. ASM, Trans. Quarterly,
Vol.56, p.107, March 1963.
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Chang, W.H. Solutioning and Aging Reactions in Molybdenum-Base
Perlmutter, I. Alloys. AIMS Metallurgical Study Conferences, Vol.18,

p.347, 1963.

Chang, W.H. Effect of Titanium and Zirconium on Microstructure and
Tensile Properties of Carbide Strengthened Molybdenum
Alloys. ASM Trans. Quarterly, Vol.57, No.2, p.527,
June 1964.

Chang, W.H. Strain Induced vs Preexisting Precipitaticn in the
Mo-TZC Alloy. ASM Trans. Quarterly, Vol.57, No.2,
p. 565, June 1964.

Semchyshen, M. Extrusion and Mecharical Properties of S, :- Molybdenum
and Tungsten Base Alloys. (Ti-Zr-C). AIT ME "etallurgical
Society Conferences, Vol.18, p.599, 1963.

Mukherjee, A.K. The Effect of Nitriding on the Elevated Temperature
Tensile Properties of Some Molybdenum Alloys. Journal
of Less Common Metals, Vol.5, No.2, p.117, April 1963.

Mukherjee, A.K. The Effect of Nitriding Upon the Creep Properties of
Some Molybdenum Alloys. Journal of Less Common Metals,
Vol.5, No.5, p.403, 1963.

Geach, G.A. The Alloys of Rhenium with Molybdenum. Proceedings,
Plansee Seminar, Metallwerk Plansee, Reutte, Tirol,

p.245, 1955.

Jaffee, R.I. Effect of Rhenium on Molybdenum. Proceedings, Plansee
Seminar, Metallwerk Plansee, Reutte, Tirol, p.380, 1958.

Zedler, E. Rhenium und Seiner Legierungen Mit Molybdenum. Journal
of Less Common Metals, Vol.4, No.6, p.547, 1962.

Ogden, H.R. Statistical Analysis of Mechanical Properties of
Mo-0.5 Ti Sheet. DMIC Memo 101, April 1961.

Imgram, A. G. Low Temperature Tensile Behaviour of Mo-0.5 Ti ... ASM
Trans. Quarterly, Vol.56, No.2, p.214, June 1963.

Gilbert, A. 73f, New Alloy Broadens Applications for Molybdenum.
Metal Progress, Vol.82, No.5, p.106, Nov. 1962.

Savitskiy, E.M. Effect of Rare Earth on the Ductility of Cast Molybdenum.
SRussian Metallurgy and Fuels, No.1, p.96, Jan 1962.

(Metal Progress, p.158, June 1963).
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4.6 Soudage
Joining

Albom, M.J. Welding and Brazing of Tungsten and Molybdenum.
Metal Progress, Vol.83, p.84, March 1963.

Cox, F.G. Joining Molybdenum. Welding and Metal Fabrication.
Vol.29, p.371, Sept. 1961.

Hokanson, R.A. Electron-Beam Welding of Tungsten and Molybdenum.
ASD-TR 61-461, Dec. 1961.

Platte, W.N. Designing a Weldable Alloy. Metal Progress, Vol.80,
No.3, p.80, 1961.

Bertossa, R.C. Methods for Brazing Unusual Metals Combinations,. AS•)
Engineering Quarterly, Vol.4, No.1, p.46, Feb. 1964.

4.7 Comportement Dans les Gaz
Behaviour in Gaseous Media

Gulbransen, E.A. Oxidation of Molybdenum from 550 to 1700'C. Journal of
the Electro-Chemical Society, Vol.110, p.952, Sept. 1963.

SECTION 5

TUNGSTENE ET ALLIAGES DE TUNGSTENE

TUNGSTEN AND TUNGSTEN BASE ALLOYS

5.1 Ouvrages et Articles d'Ensemble
Books and General Papers

Li, K.C. Tungsten. 3rd edition, Reinihold, New York, 1955.
Wang, C.Y.

Sedlatschek, K. Wolfram and Wolfram Liegerungen. Stuttgarter

Luftfahrtgaspiich, Seltene Metalle, p.94, April 27, 1962.

Miller, G.L. Modern Applications of Tungsten. Metal Industry,
p.588, 25 April 1963.

Maykuth, D.J. Present and Future Status of Tantalum, Tungsten and
Their Alloys. AIME Metallurgy Society Conferences,
Vol.18, p.81, 1963.

Ratliff, J.L. Tungsten Research and Development Review. DMIC
Report 193, Oct. 23, 1963.

Barth, V.D. Tungsten, Current Status. DMIC Memo 183, p.35,

31 Oct. 1963.4 _ _ _ _ _
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5.2 Consolidation et Fabrication
Consolidation and Fabrication

Kothari, N. Sintering Kinetics in Tungsten Powder. Journal of Less
Common Metals, Vol.5, No.2, p.140, May 1963.

Hayden, H.W. The Activated Sintering of Tungsten with Group VIII
Elements. Journal of the Electrochemical Society,

Vol.110, No.7, p.805, July 1963.

Prill, A.L. The Role of Phase Relationships in the Activated

Sintering of Tungsten. TAIME, Vol.230, No.4, p.769,
June 1964.

Eisenlohr, A. Impregnated Tungsten for Rocket Nozzles. Vol.85,
Metal Progress, p.94, April 1964.

Ratcliff, J.L. Some Observations on the Arc-Melting of Tungsten.
DMIC Memo 168, 31 May 1963.

Campbell, I.E. The Effect of Melting Variables on Purity and

Properties of Tungsten. AIME Metallurgical Society
Conferences, Vol.18, p.655, 1963.

Witzke, W.R. Preliminary Investigation of Melting, Extruding and

Mechantcal Properties of Electron-Beam melted Tungsten.
NASA TN D-1707, May 1963.

Jaffee, R.I. Fabrication of Tungsten for Rocket Nozzles. DMIC
Memo 136, 2 Nov. 1961.

Semchyshen, M. Extrusion and Mechanical Properties of Some Molybdenum
and Tungsten Base Alloys. wADD TR 61-193, June 1961. AIME

Metallurgical Society Conferences, Vol.18, p.599, 1963.

Reiman, A.L. The Extrusion, Forging ... of Refractory Alloys.
Carnahan, D.R. ASD-TDR-62-670, Part II, Dec. 1963. (Extrusion of

W + 0.6 Cb and W + 6 Mo + 2 Cb).

Singleton, R.H. The Fabrication of Complicated Refractory Metal Shapes
by Arc Spray Techniques. AIME Metallurgical Society
Conferences, Vol.18, p.641, 1963.

Spitzig, W.A. Effects of Sintering on the Physical and Mechanical
Properties of Arc Plasma Sprayed Tungsten. TAIME,

Vol.230, No.1, p.67, Feb. 1964.
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5.3 Proprietes Physiques
Physical Properties

Barth, V.D. Physical and Mechanical Properties of Tungsten and
Tungsten Alloys. DMIC TR 127, 15 March 1960.

5.4 Caractiristiques Mdcaniques du Tungst6ne non Allie
Mechanical Properties of Tungsten Metal

Maykuth, D.J. Tungsten Granules Make Strong Sheet. Reduction of
Tungsten Hexafluoride with H2, Metal Progress, Vol.85,
p.109, June 1964.

Ratliff, J.L. A Compilation of the Tensile Properties of Tungsten.
DMIC Memo 157, 11 Sept. 1962.

Hall, R.W. Tensile Properties of Molybdenum and Tungsten. NASA
Memo 3-9-59 E, Feb. 1959.

Taylor, A.F. Tensile Properties of Tungsten from 2500*F to 54007F in
Vacuum. ASM Trans. Quarterly, Vol.56, No.3, p.643

(correction p.973), Sept. 1963.

Mash, D.R. S.ructure and Properties of Plasma-Cast Materials.
ASM Engineering Quarterly, Vol.4, No.!, p.18, Feb. 1964.

Koo, K. Recovery in Cold-Worked Tungsten. Journal of Less
Common Metals, Vol.3, No.5, p.412, 1961.

Mannerkoski, M. Effect of Temperature and Heating Rate on the Secondary
Recrystallization of Doped Tungsten Wires. Journal of

The Institute of Metals, Vol.92, Part 5, p. 149,
Jan. 1964.

Jaflee, R.I. Effect of Dispersion on the Recrystallization and
Ductile-Brittle Transition of Tungsten. 4th Plansee
Seminar, Metallwerk Plansee, Reutte, Tirol, Proceedings,

p.770, 1961.

5.5 Alliages de Tungst~ne

Tungsten Alloys

Schmidt, F.F. The Engineering Properties of Tungsten and Tungsten
Alloys. DMIC Report 191, 27 Sept. 1963.

Semchysen, M. Extrusion and Properties of Some Molybdenum and
Tungsten Base Alloys. ASD) TR 61-193, 15 March 1961. AIME
Metallurgical Society Conferences, Vol.18, p.599, 1963.

Ratliff, J.L. Tungsten Sheet Alloys with Improved Low Temperature
Ductility. (5 ThO, + 5 Re + 0.9 Os + 0.3 Ir). TAIME,
Vol.230, No.3, p.490, April 1964.I __

i __________, _________________________ ..-....-.. m ----- - - - - --mm n '... m .



296

Ratliff, J.L. Further Development of a Ductile Tungsten Base Sheet
Alloy. (W - Re - Th02 ). Contract N,600 (19) - 59.738,

April 1964.

Geach, G.A. Properties of Alloys W-Re. Proceedings, Plansee

Seminar, Metallwerk Plansee, Reutte, Tirol, p.245, 1955.

Jaffee, R.I. The Effect of Rhenium on the Fabricability and Ductility
of Molybdenum and Tungsten Alloys. Proceedings, Third
Plansee Seminar, Metallwerk Plansee, Reutte, Tirol,
p.380, June 1958.

Westgren, R.C. Dispersion Stre:tgthened Refractory Alloys. (W + 1OCb +
Zr + C). TAIME, Vol.230, No.4, p.931, June 1964.

Booss, H.J. W Sinterlegierungen von Holer Wichte und
Klimab,-standigkeit. Zeitschrift fur Metallktnde,
Vol.54 (2), p.72, Feb. 1963.

5.6 Soudage
Joining

Albom, M.J. Welding and Brazing of Tungsten and Molybdenum. Metal
Progress, Vol.83, p.84, March 1963.

Handley, R.E. Tungsten Inert Gas and Metal Arc Inert Gas Welding of
Tungsten Sheet. AGC Report No rd 17.017, 28 June 1963.

Monroe, R.E. Electron-beam Welding of Tungsten. DMIC Memo 152,
21 May 1962.

Young, W.R. Alloy Systems for Brazing Golumbium and Tungsten.

ASD TR 61-592, Jan. 1962.

5.7 Comportement Dans les Gaz
Behaviour in Gaseous Media

Barth, V.D. Oxidation of Tungsten. DMWC Report 155, July 1961.

Gulbransen, E.A. Kinetics of Oxidation of Pure Tungsten. Journal of the
Electrochemical Society, Vol.111, p.103, Jan. 1964.
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SECTION 6

REVETEMENTS PROTECTEURS

PROTECTIVE COATINGS

6.1 Revues d'Ensemble
General Reviews

Krier, C.A. Coatings for the Protection of Refractory Metals. DMIC

Report 162, 24 Nov. 1961.

Gibeaut, W.A. Coatings for Refractory Metals. DMIC Memo 183, Appendix
A, 31 October 1963.

Levinstein, M.A. Effects of Alloying and Coating ot. the Elevated
Temperature Oxidation Resistance of the Refractory

Metals. Agard Symposium on Refractory Metals, Oslo,
June 1963. Proceedings of the Agard Conference, p.331,
Pergamon 1964.

Czarnecki, E.G. Development and Evaluation of Coatings for Earth Reentry

Systems. Agard Symposium on Refractory Metals, Oslo,
June 1963. Proceedings of the Agard Conference, p.357 ,
Pergamon 1964.

Gibeaut, W.A. Producticn Problems Associated with Coating Refractory
Metals. DMIC Memo 172, 26 July 1963.

Gangler, J.J. Current Developments in Coated Refractory Metals and
Their Alloys. ASM Engineering Quarterly, Vol.3,
No.3, p.39, Aug. 1963.

Cooper, T.D. Refractory Metals and Their Protection. Aerospace
Engineering, p.46, Jan 1963.

Westbrook, J.H. Pest Degradation in Beryllides, Silicides, Aluminides
and Related Compounds. Journal of Nuclear Materials,

Vol.12, No.2, p.208, July 1964.

Levinstein, M.A. Evaluation Procedures for Coated Refractory Metals.

ASD-TDR 62-783, Aug. 1962. DMIC Report 175, p. 51.

Materials Advisory Board Evaluation Procedures for Screening Coated Refractory

Metal Sheet. Report MAB 189-M, 15 Feb. 1963.

Gibeant, W.A. Properties of Coated Refractory Metals. DMIC Report

195, 10 Jan. 1964.
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6.2 Revetements sur Niobium et Alliages de Niobium
Protective Coatings for Niobium and Niobium Base
Alloys

Klopp, W.D. Oxidation Behaviour and Protective Coatings for Niobium
and Niobium Alloys. DMIC 123, 15 Jan. 1960.

Jefferys, R.A. Development and Evaluation of High Temperature
Protective Coatings for Columbium Alloys. ASD TR 61-66Part II, Coating Evaluation, Sept. 1961.

Gadd, J.D. Design Data Study for Coated Columbium Alloys.
Thompson Ramo Wooldridge, Technical Report,ER 5185,
Jan 1963.

Sandoz, G. The Protective Qualities of Cb-Zn Compounds Formed on
Columbium. AIME Metallurgical Society Conferences,
Vol.18, p.761, 1963.

Jefferys, R.A. Development and Evaluation of High Temperature Protective
Coatings for Columbium Alloys, ASD TR 61-66, Part I,
Coating Development, (Tapco), May 1961.

Aves, W.L. Diffusion Coating Process for Columbium, Base Alloys.
Chance Vought Progress Report Aug. 1961. ASD TDR 62-333,
Feb. 1962.

Gadd, J.D. Design Data Study for Coated Co4umbium Alloys. TaPco
Jeffery, R.A. Report ER-5185, 21 Jan. 1963.

Warmuth, D.B. Design Data Study for Coated Columbium Alloys.
Jefferys, R.A. (B66 - D43). Cont. NOw 63-0471c, DMIC No.55-669,

1 April 1964.

Jefferys, R.A. High Temperature Protective Coatings for Columbium
Alloys. (Cr Ti Si), AIME Metallurgical Society

Conferences, Vol.18, p.801, 1963.

6.3 Reveftements sur Tantale et Alliages de Tantale
Protective Coatings for Tantalum and Tantalum Base

Alloys

Lawthers, D.D. Aluminide and Beryllide Coatings j'or Ta. AIME
Sama, L. Metallurgy Study Conferences, Vol.18, p.819, 1963.

Sama, L. High Temperatures Oxidation-Resistant Coatings for
Tantalum Base Alloys. ASD TDR 63-160, Feb. 1963.

Hallowell, J.B. Coatings for Tantalum-Base AlLoys. (BMI). ASD TDR
63-232, April 1963.
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6.4 Revetements sur Molybd~ne et Alliages de Molybdene
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